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Symbiotic stars are binaries consisting of a cool evolved G–M/S/C I–III star accreting onto a
smaller companion—but the accretion disk itself is rarely detected. Accretion signatures like hard
X-rays and optical/ultraviolet flickering are usually suppressed or outshone by shell burning on
the accreting white dwarf, the luminous giant, and the giant’s wind nebula. In Chapters 2 and 3,
we present a new way to find symbiotics that is less biased against accreting-only, non-burning
symbiotics with directly detectable accretion disks. Our search methodology is based on finding
outliers in SkyMapper Southern Sky Survey broad-band and intermediate-band photometry, using
a parameter space built from reconstructed u-g u-v snapshot colors and rapid variability between
the three exposures of a 20-minute SkyMapper Main Survey filter sequence, from a sample of
luminous red objects selected with 2MASS and Gaia.
In a pilot survey employing this new search design, we discovered 12 new symbiotics, including
four symbiotics with optical accretion disk flickering and at least two with boundary-layer hard
X-rays, as well as 10 new symbiotic candidates. We also discovered optical flickering in the
known symbiotic V1044 Cen (CD-36 8436). We conclude that at least 20% of the true population
of symbiotics exhibits detectable optical flickering from the inner accretion disk, a substantial
fraction of which would not meet the usual HU equivalent width detection thresholds typically
used to find symbiotics with traditional narrow-band emission line photometry surveys. There is a
significant population of optically-flickering symbiotics hidden both within and beyond the known
catalogs of symbiotic stars—however, the question of whether the true population of accreting-
only symbiotics is larger than the population of burning symbiotics remains unanswered. We also
find that our methods probe a completely different region of parameter space than recent work by
the Munari et al. (2021) search for accreting-only symbiotics, while being surprisingly in harmony
with the Akras et al. (2019) infrared selection criteria.
As an intermediate step in our pilot survey, we explored several outlying regions in our SkyMap-
per parameter space with optical spectroscopy of 234 luminous red objects, which we present in
a 248-page spectral atlas. Our results identify a zone of the u-g u-v snapshot color-color diagram
in which virtually all objects are symbiotics. When all-sky uvg colors become available through
future DRs of SkyMapper and MEPHISTO, between about 51 and 117 symbiotics missed by pre-
vious surveys (of which 11 to 17 have been reported in this work) will be discoverable using only
this mostly-symbiotic zone of the color-color diagram, with a near-zero contamination rate. Main
Survey filter-sequence variability is also a powerful tool for finding hidden, flickering symbiotics
both inside and outside of the mostly-symbiotic color-color zone, but variability must still be used
in conjunction with color; there must be enough of an accretion disk contribution to the u-band for
it to exhibit detectable variability. We show that yellow post-AGB stars with strong Balmer jump
absorption (along with the symbiotic Southern Crab) are outliers with large positive u-v, while
some S and carbon stars are outliers with large negative u-v. We also show that it is important
to correct the results of SkyMapper’s catalog pipeline for variability when dealing with samples
containing large-amplitude pulsating stars.
In Chapters 4 and 5, we present an in-depth study of one of the few optically-flickering sym-
biotic stars previously known, MWC 560 (V694 Mon). The persistent outflow from MWC 560 is
known to manifest as broad absorption lines (BALs), most prominently at the Balmer transitions.
In Chapter 4, we report the detection of high-ionization BALs from C IV, Si IV, N V, and He II in
International Ultraviolet Explorer spectra obtained on 1990 April 29− 30, when an optical out-
burst temporarily erased the obscuring ‘iron curtain’ of absorption troughs from Fe II and similar
ions. The C IV and Si IV BALs reached maximum radial velocities at least 1000 km s−1 higher than
contemporaneous Mg II and He II BALs; the same behaviors occur in the winds of quasars and cat-
aclysmic variables. An iron curtain lifts to unveil high-ionization BALs during the P Cygni phase
observed in some novae, suggesting by analogy a temporary switch in MWC 560 from persistent
outflow to discrete mass ejection. At least three more symbiotic stars exhibit broad absorption
with blue edges faster than 1500 km s−1; high-ionization BALs have been reported in AS 304
(≡V4018 Sgr), while transient Balmer BALs have been reported in Z And and CH Cyg. These
BAL-producing fast outflows can have wider opening angles than has been previously supposed.
BAL symbiotics are short-timescale laboratories for their giga-scale analogs, broad absorption line
quasars (BALQSOs), which display a similarly wide range of ionization states in their winds.
In Chapter 5, we investigate how the accretion disc of MWC 560 is affected by its outflow. We
performed optical, radio, X-ray, and ultraviolet observations of MWC 560 during its 2016 optical
high state. We tracked multi-wavelength changes that signalled an abrupt increase in outflow power
at the initiation of a months-long outflow fast state, just as the optical flux peaked: (1) an abrupt
doubling of Balmer absorption velocities; (2) the onset of a 20 `Jy/month increase in radio flux;
and (3) an order-of-magnitude increase in soft X-ray flux. Juxtaposing to prior X-ray observations
and their coeval optical spectra, we infer that both high-velocity and low-velocity optical outflow
components must be simultaneously present to yield a large soft X-ray flux, which may originate
in shocks where these fast and slow absorbers collide. Our optical and ultraviolet spectra indicate
that the broad absorption-line gas was fast, stable, and dense (& 106.5 cm−3) throughout the 2016
outflow fast state, steadily feeding a lower-density (. 105.5 cm−3) region of radio-emitting gas.
Persistent optical and ultraviolet flickering indicate that the accretion disc remained intact. The
stability of these properties in 2016 contrasts to their instability during MWC 560’s 1990 outburst,
even though the disc reached a similar accretion rate. We propose that the self-regulatory effect of
a steady fast outflow from the disc in 2016 prevented a catastrophic ejection of the inner disc. This
behaviour in a symbiotic binary resembles disc/outflow relationships governing accretion state
changes in X-ray binaries.
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Chapter 1: Introduction
“Perplexed astronomers consulted dictionaries, which only partly cleared up the question.”
–McLaughlin (1941) on Merrill’s coining of the term “symbiotic star”
Figure 1.1: Figure reproduced from Merc, Gális, & Wolf (2019a). Drawing by Merc et al. illustrating the current
model of symbiotic stars.
1.1 The concept of symbiotic stars grew up with the concept of M giants (in which every
object mentioned by name is now classified as a symbiotic star)
In 1901, one hundred and twenty years before this dissertation, Williamina P. Fleming discov-
ered nova-like emission lines in Z And, and a “very peculiar” long-cadence light curve “unlike that
of any other star so far observed” (Cannon, Fleming, & Pickering 1911). Later, Annie J. Cannon
associated Z And with RX Pup, RS Oph, and Y CrA—nova-like stars that were not quite no-
vae, with unusual long-cadence variability and strong He II 4686Å emission1 (Cannon & Shapley
1Throughout this section, attributions of high-ionization lines to particular ions are often anachronistic to the time-
line discussed. It suffices to say that these rarer nebular lines were at least associated with spectral types that were very
dissimilar from M, and would soon come to be associated with higher temperatures.
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1923). Descriptions of their continua varied; for example, Y CrA was described variously as an M
star (Fleming & Pickering 1912) and a peculiar O star (Cannon & Pickering 1916).
As this class of nova-likes emerged, and until her early death in 1911, Fleming was also work-
ing on the taxonomy of class Md variables with Balmer emission linked to their long-period vari-
ability (Cannon 1911). These strongly pulsating red giants are these days known mostly as Mira
variables and long period variables (LPVs), which according to our modern understanding produce
Balmer emission through shocks in their atmospheres. Fleming argued that there was a continuum
of such stars, ranging from Md 1 in which HV and HW were much stronger than HX, to Md 10 in
which HX was stronger by far (Fleming & Pickering 1912).
Today, the holotype of Fleming’s Md 10 stars is called an oxygen-rich Mira, in which TiO bands
may absorb HU and HV emission before it can escape the stellar atmosphere—and the holotype of
her Md 1 stars is called an S Mira, in which s-process products replace the TiO molecular banding
(Castelaz et al. 2000). But the nova-like Y CrA and another oddity, RW Hya, were also included
in this sequence at Md 2 (Fleming & Pickering 1912). Here was where a fundamental tension of
our subject began: when are emission lines on a luminous M spectrum something originating from
the evolved star itself, and when are they a sign of some altogether new component?
For several decades, a simple resolution to this tension was sufficient. Cool stars should not
be able to produce emission lines from highly-ionized atoms, so the presence of high-ionization
lines on a cool star suggests either the existence of a component separate from the cool star, or
that the cool star is not as cool as it seems. In 1919, Paul W. Merrill reported the presence of [O
III] 4363Å in the Md star R Aqr (Merrill 1919). In 1928 H. H. Plaskett argued that persistent lines
of He II, N III, and [O III] in Z And were inexplicably higher-ionization than what could possibly be
produced by irradiation of a nebula by a star as cool as Z And (Plaskett 1931). Finally, Merrill drew
a connection between three stars—AX Per, RW Hya, and CI Cyg—containing both TiO absorption
bands and He II emission, noting that “it is of course difficult to understand why a high-excitation
line of ionized helium should appear along with the spectrum of a molecule that is dissociated at a
relatively low temperature” (Merrill & Humason 1932). Z And was immediately thereafter added
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to the list of stars in which TiO and He II coexist (Hogg 1932), and the same month Louis Berman
suggested the presence of an O-type binary companion to Z And, T CrB, R Aqr, and RW Hya,
enclosed “by a small surrounding nebular shell of high excitation” (Berman 1932).
Merrill coined the term “symbiotic star” in 1941 (McLaughlin 1941), borrowing the biological
notion of symbiosis to refer to the sustained, close coexistence of the cool and hot components.
The operational observational definition, in time, came to require a cool evolved star that has left
the main sequence, and has either (a) emission from an ion that takes at least 20 or 35 eV to create,
typically [O III] (35 eV) or higher, or (b) an A/F star continuum with additional absorption lines
signifying an outburst state in a companion to the evolved star (Kenyon 1986). As discussed by
Kenyon (1986), this was a porous definition, with a variety of exceptions made for special cases.
The fundamental reason for requiring a high-ionization emission line in quiescent symbiotics
was that Fleming & Pickering (1912) had shown that normal M stars could produce Balmer emis-
sion on their own in the course of their pulsations, and He I emission perhaps also felt like too
much of a grey area. Requiring [O III], He II, or the like was an observational cutoff to ensure that
every symbiotic star had a hot component, and to ensure that the symbiotic catalogs would not
include the common emission-line stars that made up the majority of Fleming’s Md class. In terms
of actual physical properties, rather than emission line properties, this practical and necessary ob-
servational cutoff left the boundary between symbiotic stars and Fleming’s Md stars still somewhat
blurred to this day.
1.2 The current state of symbiotic stars
The subsequent development of our modern understanding of symbiotic stars bounced between
a variety of models from highly evolved chimeras with exposed stellar cores to binaries of all
sorts (Kenyon 1986). Driven first by objective plate prism surveys and then by narrow-band HU
photometry (e.g., Miszalski & Mikołajewska 2014, Mikołajewska, Caldwell, & Shara 2014), the
number of known and candidate symbiotics rose to 100 (Allen 1984), then in the range 188 – 218
(Belczyński et al. 2000), then in the range 323 – 564 as of 2019 (Akras et al. 2019; Merc, Gális, &
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Wolf 2019b).
The current consensus, which is in good agreement with observations, is that symbiotic stars
(also referred to as symbiotics, SySt, symbiotic binaries, or symbiotic variables) are binaries in
which a cool evolved G–M (or S/C) I–III star that has left the main sequence accretes onto a
smaller companion, typically a white dwarf (WD). The evolved star is most often M III, and its
presence means the binary is relatively wide, making symbiotics the larger cousins of cataclysmic
variables (CVs, which have main sequence-like donors). The emission lines originate in the dense
wind nebula of the mass-losing giant, ionized by the hot component. The accreting WD nature
of the hot component in most known symbiotic stars is supported by its high luminosity and high
temperature in the shell-burning state and by its nova behavior (Mikołajewska 2003), the short
timescale of accretion disk flickering in the accreting-only state (Sokoloski & Bildsten 2010), and
hard X-ray emission in the accreting-only state from the boundary layer between the accretion disk
and the WD (Luna et al. 2013). In rare cases, the accretor has instead been found to be a neutron
star (Chakrabarty & Roche 1997) or claimed to be a main sequence star (Kenyon et al. 1991; Sahai
et al. 2015), and black hole accretors are also possible (López et al. 2017).
Judging by the high luminosities and temperatures of their hot components (Mikołajewska
2003), most known symbiotic stars exhibit hydrogen shell burning on the WD, either due to
stable/quasi-stable burning of accreted matter, or due to residual burning from a nova. Accretion-
fed shell-burning is unstable outside of a specific region of accretion rate / WD mass parameter
space (Fig. 1.2), and not many symbiotic recurrent novae (which occur below the stable region in
Fig. 1.2) are known, so it may be that there are symbiotic stars with lower accretion rates, very
high WD mass, or very low WD mass that have been missed by existing surveys. Similarly, the
duration of residual burning is inversely proportional to the WD mass, so it may be that existing
samples of residually-burning WDs picked up by symbiotic surveys are primarily low-mass.
The emission lines emit from the nebula, not directly from the accretion disk, but a small
number of accreting-only symbiotic stars exhibit direct accretion signatures that seem to be fully
obscured or suppressed in shell-burning symbiotics. One such signature is X-rays photons above
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Figure 1.2: Figure reproduced from Wolf et al. (2013). The red lines are the bounds of the regime in accretion rate /
WD mass parameter space in which accretion-fed shell burning is stable. Above this region, burning is still stable, but
mass accumulates faster than it can be burned and the photosphere expands. Below this region, recurrent novae may
occur on the timescales shown.
2.4 keV, according to the taxonomy proposed by Luna et al. (2013). This idea is based on the Pat-
terson & Raymond (1985) model for hard X-ray emission from the extended halo of the shocked
boundary layer between the quickly-rotating accretion disk and the slowly-rotating WD. These
hard X-rays contain information about the WD mass (which affects the temperature) and the in-
nermost accretion flow as it meets the WD. But hard X-rays have not been detected in symbiotics
with supersoft X-ray emission from shell burning (Luna et al. 2013), or in burning symbiotics with
high-ionization Raman O VI emission. Luna et al. (2013) proposed that this is because extreme
ultraviolet (EUV) photons Compton-cool the boundary layer in burning symbiotics, suppressing
the production of hard X-rays by hot plasma. Perhaps for this reason, hard X-rays have only been
detected in about 23 symbiotics, and 9 of those are likely neutron star accretors (Luna et al. 2013;
Mukai et al. 2016).
The other direct accretion signature is “flickering”2 on timescales of minutes, a superposition
2“Flickering” is not precisely synonymous with “flicker noise,” also known as pink noise, although they are related:
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of multiplicatively-coupled fluctuations in the flux (Uttley, McHardy, & Vaughan 2005). As long-
timescale variability in the mass transfer rate through the outer disk propagates inwards, faster
and faster variability builds on top of it at decreasing radii with shortening viscous timescales;
the resultant power spectrum is typically characterized by pink noise (frequency−1) breaking to red
noise (frequency−2) at high frequencies (Middleton 2021). The exact physical cause of flickering is
unknown, but models can produce it with variations in the mass-transfer rate propagating through
the disk, and tuning model parameters including the viscosity and the outer radius of the disk
changes the predicted observables (Scaringi 2014). In particular, the high-frequency break to red
noise has been variously interpreted as corresponding to the dynamical timescale at the inner disk
radius, or to a combination of the inner and outer disk edge viscous timescales and the emissivity
index (Scaringi 2014). Flickering appears to be a universal phenomena of accretion, with similar
phenomenology in the accretion disks of young stellar objects (YSOs), WDs, neutron stars, and
supermassive black holes exhibiting similar relationships at slower timescales as the mass increases
(Middleton 2021; Scaringi et al. 2015; Scaringi et al. 2011; Uttley & McHardy 2001; Vaughan et
al. 2011). Virtually all CVs (the smaller cousins to symbiotics, with a main-sequence-like donor
instead of an evolved giant) exhibit this accretion disk flickering (Bruch 1992; Bruch 2015).
Only 10 or 11 symbiotics, however, were known to exhibit optical flickering prior to 2021 (RS
Oph, T CrB, MWC 560, V2116 Oph, CH Cyg, RT Cru, Mira ≡ o Cet, V407 Cyg, V648 Car, EF
Aql, and perhaps Y Gem; Zamanov et al. 2017, Snaid et al. 2018).3 This is probably because
shell-burning, when present, is much more luminous than the accretion disk (Mikołajewska 2003),
and its light does not flicker on timescales of minutes. It is also difficult to detect an accreting-only
symbiotic amid the light of the evolved giant itself, making them harder to find than CVs where
the donor is relatively dim. And quasi-spherical wind accretion from the ambient cool giant wind
nebula sometimes might not lead to the formation of a disk in the first place. Up to another ∼ 10
accretion disk flickering can have both pink and red noise components, or power spectrum slopes in between the two.
3Z And is sometimes included in this list, but its rapid pulsations are fully-coherent (Sokoloski & Bildsten 1999)
and likely due to magnetic channeling, empirically and physically unrelated to the accretion flickering as defined
above. As of 2021 there are now also 12 GaSS symbiotics which Munari et al. (2021) argues are flickering, discovered
through a novel survey design; we discuss these in Chapter 3, although we defer an assessment pending publication of
the full set of light curves.
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or so symbiotics flicker in the near-UV (Luna et al. 2013; Mukai et al. 2016; Lucy et al. 2020),
but although Luna et al.’s UV flickerers are an extremely exciting result, they are often sparsely
sampled with cadences of an hour or more, because it is currently difficult in the UV to obtain
time for the very long continuous light curves that allow flickering to be studied in depth. Optical
flickerers are also likely to be the highest-amplitude UV flickerers, although this has not been
tested.
The discovery mechanisms of these 10 or 11 optically-flickering known symbiotics reinforces
the view that there may be a survey bias against accreting-only symbiotics. RS Oph, T CrB, and
V407 Cyg were discovered as novae (all either confirmed recurrent novae or predicted recurrent
novae, with flickering later discovered by Walker 1957; Bruch 1986; Kolotilov et al. 2003), which
after fading from their transient thermonuclear state become accreting-only until the next eruption.
CH Cyg was treated as an M6 III standard star(!) until its accretion rate increased (Deutsch 1964,
as discussed by Burmeister & Leedjärv 2009; flickering was discovered soon after in Wallerstein
1968 and Cester 1968). Mira, a holotype of the Mira class, is very nearby and one of the brightest
variable stars in the sky. MWC 560 has perhaps the highest accretion rate of any known accreting-
only symbiotic (Chapter 4) with broad Balmer absorption to make it particularly interesting for
follow-up (Bond et al. 1984). V2116 Oph (GX 1+4) is a neutron star accretor, detected first in
X-rays by balloon observations and then found to be flickering (Jablonski et al. 1997). V648 Car4
had probably the most normal discovery mechanism of the flickering symbiotics through objective
prism plates (Henize 1952), with flickering later discovered (Angeloni et al. 2012) after an X-ray
detection (Masetti et al. 2006). Most interestingly from the point of view of this dissertation, two
more recent flickerers were discovered to be symbiotics through excess UV flux: EF Aql as a
contaminant in the UV-bright Quasar Survey (Monroe et al. 2016,Margon et al. 2016; note that
unusual infrared colors also implicitly played a role), after which Zamanov et al. (2017) found
flickering, and Y Gem was discovered in an intentional search for asymptotic giant branch (AGB)
stars in binaries with UV excess and X-rays (Sahai et al. 2015; Snaid et al. 2018).
4Along with perhaps RT Cru, whose exact selection mechanism was not fully explained in its discovery paper
(Cieslinski, Elizalde, & Steiner 1994).
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One reason for the bias towards burning symbiotics could be that accreting-only symbiotic hot
components have lower luminosity, and so do not ionize and excite the cool giant wind nebulae as
strongly, leading to lower-ionization and weaker lines. For example, Balmer emission, especially
weak Balmer emission, would often just get treated as normal behavior for Fleming’s Md stars and
their conceptual successors. But even where careful logic can be applied to imply that the Balmer
properties are not consistent with an isolated star, weak Balmer emission can also be missed on
objective plate prism surveys. And for narrow-band photometry, we can quantify this detection
threshold. Using the IPHAS (FWHM=95Å) narrow-band HU filter, Corradi et al. (2008) adopted
an HU equivelant width lower limit for their symbiotic search of about 50Å (end of their page 7).
In a subsequent paper by the same group, even stronger H-alpha emission was required to help
avoid contamination by young stellar objects (Rodríguez-Flores et al. 2014). The issue of YSO
contamination could these days be ameliorated by Gaia distances, since YSOs do not have the lu-
minosity of giants, but there will still be strong constraints on the detection threshold. IPHAS is in
principle sensitive to HU equivelant widths of a few Angstroms, but the threshold for detectability
over the stellar locus increases substantially for redder objects, to e.g. 30Å for a highly reddened
T Tauri star (Drew et al. 2005). Given a large sample with a wide range of intrinsic sepctral energy
distributions (SEDs), reddenings, and molecular bands, there does not seem to be any way around
missing some weak-HU symbiotics without using spectra, which will not in the near future offer
anywhere near the sample sizes of photometric surveys.
When we started this work, there had never been an intentional survey for finding uncatalogued
symbiotics with direct accretion disk signatures.5 There are an increasing number of isolated
discoveries. EF Aql was found through a quasar survey (Margon et al. 2016). SU Lyn was found
(Mukai et al. 2016) through the Neil Gehrels Swift Observatory’s Swift-Burst Alert Telescope
all-sky X-ray survey byproduct. Sahai et al. (2015) used far-UV excesses and follow-up X-ray
spectroscopy to find what they claimed are main sequence accretors from M giants, including Y
Gem, although they did not ascribe to these the label “symbiotic.” López et al. (2017) found that
5We defer a discussion of the new Munari et al. (2021), which is certainly a very intentional search for accreting-
only symbiotics, to Chapter 3.
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Figure 1.3: Figure reproduced from Murphy et al. (2009). The SkyMapper filter set (solid lines) and the SDSS filter
set (dashed lines).
some ultraluminous X-ray sources (ULXs) have red supergiant companions, again without using
the word “symbiotic.” But despite these discoveries, before 2021, only 10 or 11 symbiotics were
known to exhibit optical flickering, the most direct and convenient probe of symbiotic accretion
disk size and structure available.
1.3 The idea for a new method
It is an intuitive notion, and indeed has been known for a long time (Arkhipova & Noskova
1985), that symbiotics should differ from the main stellar locus in their near-UV optical colors
due to the hot component contribution. And it is an equally intuitive notion that minutes-timescale
flickering could be detected if a survey contained multiple exposures in the same band separated by
mere minutes, although one might suspect that many data points would be needed to detect flick-
ering with any statistical significance. But there has never been a survey for symbiotics conducted
on these first principles.
The SkyMapper Southern Sky Survey (Wolf et al. 2018; Onken et al. 2019) seemed to us
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well-suited to the task. As shown in Fig. 1.3, the uvgriz filter set (Bessell et al. 2011) has some
unusual advantages over SDSS. The u filter is shifted further to short wavelengths than the SDSS
U filter, emulating Strömgren u by having the vast majority of its throughput shortward of the
Balmer jump. This was designed for temperature sensitivity in hot stars and gravity sensitivity in
A–G stars (Bessell et al. 2011), but in searching for excess flux from accretion disks in samples
of cool giants stars, it should be advantageous to diminish the contribution of the cool giant as
much as possible in our shortest filter. The v filter is also non-standard, and completely unrelated
to Johnson V; it is an intermediate-band violet filter, just longward of the Balmer jump. This was
designed for metallicity sensitivity (Bessell et al. 2011), and its application to our use case will not
become clear until later in this work.
With respect to flickering, the SkyMapper Main Survey observes a uvgruvizuv filter sequence
once or twice per location in the survey grid (Onken et al. 2019). In each such visit, a single uvgru-
vizuv filter sequence is initiated and completed in the space of about 20 minutes. The exposures are
100 seconds long, with a median 21-second overhead per exposure. So there are three 100-second
u-band exposures performed with a cadence of about 8 minutes. Are three exposures (sometimes
6, when the second Main Survey visit is in DR2, but the second visit is separated from the first by
days to months) sufficient to detect accretion disk flickering? We decided to find out.
Our plan was to use SkyMapper data as our first-pass search criterion. We would still be using
spectroscopy, but targeted spectroscopy on SkyMapper outliers, to allow dim emission lines to
be picked up and identify targets for which more extensive and time-consuming follow-up was
motivated.
1.4 Dissertation Outline
In Chapter 2, we present the SkyMapper survey design motivated above, the results of optical
spectroscopy, the locations of different kinds of objects in SkyMapper parameter space, and our
catalog of symbiotic star discoveries. At the end of Chapter 2 is a 248-page spectral atlas. In Chap-
ter 3, we present our follow-up on accreting-only symbiotics and a small control sample of other
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symbiotics, including hours-long optical light curves, UV exposures, and X-ray spectra. At the end
of Chapter 3, we discuss the overall interpretation of our survey work. In Chapter 4 (previously
published as Lucy, Knigge, & Sokoloski 2018), we turn to an investigation of archival UV spectra
of MWC 560, a well-studied, well-known symbiotic in which optical flickering was first detected
in 1984—as an example of the kinds of research that could also be conducted on the larger sample
of flickering symbiotics that we are building. In Chapter 5 (previously published as Lucy et al.
2020), we report the results of an extensive set of multi-wavelength coordinated observations of
the 2016 accretion rate peak in MWC 560. Conclusions for Chapter 2 and Chapter 3 can be found
in § 3.4, conclusions for Chapter 4 can be found in § 4.5, and conclusions for Chapter 5 can be
found in § 5.5. In the Epilogue, I end with a very brief summary and some thoughts about the
future.
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Chapter 2: Unearthed by uvg survey photometry I: symbiotic star search
design and optical spectroscopy
2.1 A sample of luminous red objects
As discussed in Chapter 1, we aimed to develop techniques for finding symbiotic stars—in
which a cool evolved G–M (or S/C) I–III star accretes onto a smaller companion—as outliers in
SkyMapper Southern Sky Survey data. To that end, we needed to choose a sample from which to
draw outliers. The natural choice was cool giants, the most common false mimics of symbiotic
stars in the universe. The optical and IR spectra of symbiotics are often overwhelmed by the light
of the cool giant, and we hoped that SkyMapper could be used to uncover hidden signatures of
accretion from cool giants—using broadband and intermediate-band survey photometry, instead of
the traditional methods of objective prism spectra and narrow-band emission line photometry.
The first1 step was to start building a working catalog of cool giants. Not every object in the
sample would end up being a cool giant, so we will, by the end of this section, call our final
catalog a sample of “luminous red objects”: the two defining traits of both cool evolved stars and
our sample’s contaminants. This sample of luminous red objects would become the substrate from
which we drew symbiotic star candidates and other outliers of interest.
2.1.1 IR color and luminosity criteria
The philosophy underlying our sample selection was to balance the competing demands of
purity and completeness. We wanted sample purity, so that targets with outlying SkyMapper prop-
1Methodology and results from a previous test of our symbiotic search design are outlined in Lucy et al. (2018).
One major difference was that our first search design did not use Gaia, which had only just become available with its
DR1, so our substrate sample of “cool giants” required multiple IR color cuts and contained many cool dwarfs. It was
also based on SkyMapper DR1.1, which did not include the minutes-timescale variability data from the Main Survey,
so we instead attempted outburst-detection in long-timescale u-band and z-band variability.
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erties would, despite being outliers, still be systems containing cool giants. But we also wanted to
build a selection function with as few constraints as possible, to include both known symbiotics and
as-yet undiscovered symbiotics that could differ in unpredictable ways from known symbiotics; in
other words, we wanted sample completeness with respect to a population whose properties we
could not know in advance. At each step, we were also especially careful to avoid excluding the
known symbiotic EF Aql, since it was the only known optical flickerer (Zamanov et al. 2017) in
the feasible range of final samples.
Most papers published on cool giant selection methods are oriented towards using M giant
samples to examine the structure of our Galaxy and its stellar streams (Majewski et al. 2003;
Bochanski et al. 2014; Li et al. 2016). Selection functions typically relied on a combination of
several IR color criteria (e.g., Equation 1 in Li et al. 2016). This would pose a severe problem to
us, since symbiotic stars can have different IR colors than isolated cool giants (e.g., Akras et al.
2019). But with the launch of the Gaia mission (Gaia Collaboration et al. 2016; Gaia Collaboration
et al. 2018), distances can replace the more stringent color criteria in the task of sorting giants from
lower-luminosity objects.
Accurate distances cannot generally be obtained by simply inverting Gaia parallaxes, so we
adopted the Bayesian-inferred distances that Bailer-Jones et al. (2018) derived from Gaia DR2
parallaxes.2 Bailer-Jones et al. (2018) distances use a Bayesian prior Galaxy model governed by
a single length scale parameter, varying as a function of only Galactic longitude and latitude. For
Gaia parallaxes with increasing uncertainty, the influence of the prior smoothly increases. But we
tested our final selection function both with the estimated distance and, more conservatively, with
its lower uncertainty bound (which would be less likely to misclassify a nearby dwarf as a distant
giant), and found barely any difference in the selected samples; accordingly, we adopt the esti-
mated distances throughout this work. Another concern is that orbital motion could cause deviant
parallax measurements; this issue has the strongest potential effect for very wide binaries of un-
2Formally, as discussed by Bailer-Jones et al. (2018), this is a technically incorrect solution, since Bayesian in-
ferences on calculated quantities like absolute magnitudes should be derived from first principles. Practically, our
validation tests presented in this section suggest that the Bailer-Jones et al. (2018) distances are sufficient for our
purposes, particularly in light of the other large uncertainties to which we are subject.
13
equal brightness and orbital periods close to a year3 (D. Pourbaix 2018, private communication).
This could affect the parallax measurements of symbiotic binaries and pose an issue for complete-
ness, but we are not aware of any potential contaminants that would be severely affected, so we
safely ignored this issue without endangering the sample purity.
With distances in hand, we set out to choose a luminosity cut, and a single color cut to con-
strain the temperature. Among the various Two Micron All Sky Survey (2MASS; Skrutskie et al.
2006) and ALLWISE (Cutri et al. 2021, based on the Wide-field Infrared Survey Explorer; Wright
et al. 2010) color cuts used to select red giants, J-Ks appears to be the best probe of a star’s tem-
perature (e.g., Li et al. 2016). To determine where to place our cutoffs, we matched the RAdial
Velocity Experiment (RAVE) DR5 catalog (Kunder et al. 2017) to Bailer-Jones et al. (2018) dis-
tances and 2MASS photometry using the pre-crossmatched source IDs ravedr5_best_neighbour
and tmass_best_neighbour in the Gaia DR2 catalog, leaving about 456,000 RAVE stars to test.
In Fig. 2.1, we plot the absolute J magnitudes (from 2MASS J and Bailer-Jones et al. (2018)
distances) against the calibrated surface gravity from RAVE (cloggk), for RAVE stars with temper-
atures above and below cteffk=4700 K.
Without a sufficiently strict J-Ks cut, the placement of our MJ luminosity cut would arbitrarily
carve into a continuous distribution. From left to right in Fig. 2.1, the application of an increasingly
severe J-Ks cut is increasingly restricting the sample to the cool side of the Hertzsprung–Russell
(HR) diagram, where the luminosities of evolved giants are increasingly well separated from
the main sequence. With a relatively loose J-Ks>0.65 cut, a continuous extension into what we
think are warm subgiants evolving off the main sequence blurs the distinction between luminosity
classes. With an excessively severe J-Ks>1.05 cut, the extension into warm subgiants is gone, but
the completeness of the cool giants sample suffers drastically. We instead adopted a compromise
J-Ks>0.85 cut, excluding warm subgiant turnoff stars without draining the cool giants sample. This
may also exclude some K giants, but since K giants are more common than M giants in the Galaxy
(Conroy et al. 2018) while known symbiotic donors are usually M giants, that may be advantageous
3Gaia orbits the L2 Lagrangian point, and therefore effectively moves around the sun once a year.
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Figure 2.1: Scatter plot of RAVE stars, with absolute J-band magnitude from 2MASS and Bailer-Jones et al. (2018)
Gaia DR2 distances, and calibrated surface gravity and temperature from RAVE DR5. Without a sufficiently strict J-Ks
color cut from 2MASS, the region of cool giants in this parameter space blends into the region of warm subgiants, the
blue region in the second panel. With an overly strict J-Ks color cut, the completeness of the cool giant sample suffers,
as seen in the fourth panel. To avoid these issues, we adopt a J-Ks>0.85 color cut.
Vertical streaks are artifacts of how surface gravity is binned in RAVE.
in our search. Our goal with the J-Ks>0.85 cut was not to entirely erase dwarfs from the sample
through color alone—Bochanski et al. (2014) and Li et al. (2016) showed that J-Ks>1.05 or an
ALLWISE cut would be needed for that—, but rather to make luminosity classes I–III cleanly sep-
arable from classes IV–V. We also adopted a MJ<0 cut, but the exact placement of this luminosity
cut is not very important at the end of the HR diagram to which J-Ks>0.85 restricted us.
Next, we performed a validation test of our MJ and J-Ks cuts with the Zhong et al. (2015)
catalogs of M giants and M and late-K dwarfs/subdwarfs from the LAMOST survey, where the
discretely defined temperature and luminosity classes simplify our evaluation.4 After imposing a
quality cut of J<14 to keep the uncertainties small and stable,5 we were left with 7247 M giants
and 58,525 cool dwarfs/subdwarfs. Selecting a test sample with MJ<0 and J-Ks>0.85 yielded a
completeness for the giants of 91% (down from 92% without the J-Ks cut). 99.9% of Lamost cool
dwarfs did not meet our cool giant selection criteria (up from 99.6% without the color cut). It
is difficult to generalize contamination rates without knowing the ratio of dwarfs to giants in our
ultimate sample of interest, but some of the 0.1% of LAMOST dwarfs that met our giant selection
4Similar results were found in RAVE; for example, less than 1% of RAVE giants that remained after the color cut
were excluded by MJ<0.
5Adapted from the Figure 3 Ks plot at https://irsa.ipac.caltech.edu/data/2MASS/docs/
releases/allsky/doc/sec2_2b.html
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criteria could in any case be giants misclassified by LAMOST.
As a concession to the need for sample purity, and in the absence of sufficiently high-resolution
3D reddening maps (see § 2.1.3), we decided to correct by the full Schlegel, Finkbeiner, & Davis
(1998) Galactic interstellar extinction column, which is pre-matched in the SkyMapper dr2.master
table, for our (J-Ks)0>0.85 color cut. By the same logic, we did not de-extinct the luminosity
cut, since a substantial overcorrection could make a low-luminosity source appear to be a high-
luminosity giant. These decisions could have some impact on the spatial distribution of our sam-
ple, since cool giants on highly extincted lines of sight could be excluded from the sample by
excessive color de-reddening or an insufficient luminosity extinction correction if they are located
only partway through the dust column on their sight-line.
2.1.2 Creation of the working catalog
The full set of criteria used to create our luminous red objects sample are listed in Table 2.1.
First, we performed the initial Astronomical Data Query Language (ADQL) query shown in Ta-
ble 2.2 to the SkyMapper DR2 Table Access Protocol (TAP) endpoint, using the Tool for Opera-
tions on Catalogues and Tables (TOPCAT; Taylor 2005).
Gaia DR2, 2MASS, and ALLWISE, are all pre-crossmatched in the SkyMapper DR2 catalog,
and in Table 2.2 we restricted matches to those less than 2 arcsec (2MASS, Gaia) or 3 arcsec
(ALLWISE6) from the SkyMapper source position. The ALLWISE crossmatch could be dropped
in future versions of this procedure, since we only used it for sample validation. SkyMapper PSF
magnitudes can deviate7 by >1% if a neighbor of equal brightness is located within 5 arcsec of the
source, and the 2MASS confusion limit is 6 arcsec, so we required that the selected sources must
be isolated from their neighbors by at least 6 arcsec in SkyMapper using the SkyMapper dr2.master
prox column. This proximity limit removed about 5% of the sample, and may spatially bias our
sample against crowded fields. We also required that the SkyMapper flags_psf flag, which tracks







No other SkyMapper source within 6 arcsec
SkyMapper u_ngood > 0, v_ngood > 0, g_ngood > 0
2MASS AAA data quality
Converged Bailer-Jones et al. (2018) distance exists
SkyMapper class_star > 0.9, flags_psf = 0, nch_max = 1
2MASS gal_contam = 0, ext_key = 0, cc_flg = ’000’, ext_key = 0
2 arcsec crossmatch to 2MASS and Gaia
3 arcsec crossmatch to ALLWISE
And sufficient data to reconstruct ≥1 nightly color snapshot from individual
measurements with SkyMapper used_in_clip = True or False, but not null.
Table 2.1: Criteria for inclusion in our luminous red objects sample. ALLWISE crossmatch was used for
sample validation and can be discarded in future iterations.
We implemented a variety of other quality cuts in Table 2.2, most notably requiring that the
2MASS magnitude be brighter than J=14 to ensure a high signal to noise ratio (SNR), and that
the 2MASS ext_key and SkyMapper class_star indicate a point source. We checked a variety of
symbiotic stars with real or hypothesized extended nebula or jets (the Southern Crab, Mira, R Aqr,
HD 149427, MWC 560, BI Cru, Hen 2-147, AS 201, DT Ser, RS Oph) and none of them failed
to meet this requirement. Some of them did have “extra” sources in the wings of their 2MASS
point spread function (PSF), which is why we implemented our proximity limit exclusively in
SkyMapper and not in 2MASS. We also required that each selected source have at least one u, one
v, and one g band measurement identified by the SkyMapper pipeline as good, and that SkyMapper
never resolved the source into multiple components in any observation.
After performing the initial Table 2.2 query, we performed an inner-join crossmatch on the
pre-matched Gaia source ID to the Bailer-Jones et al. (2018) catalog of Bayesian distances with
the ARI-GAIA TAP endpoint, retrieving only indexed quantities to avoid timing out.8 We then
8http://gaia.ari.uni-heidelberg.de/tap, chosen because it accepts table uploads up to 1 million
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SELECT
m.object_id, g.source_id, m.raj2000, m.dej2000, m.glon,
m.glat, m.u_ngood, m.u_nclip, m.v_ngood, m.g_ngood,
m.r_ngood, m.i_ngood, m.z_ngood, w.w1mpro, w.w1sigmpro,
w.w2mpro, w.w2sigmpro, t.j_m, t.j_msigcom, t.h_m,
t.h_msigcom, t.k_m, t.k_msigcom, m.u_psf, m.e_u_psf, m.v_psf,
m.e_v_psf, m.g_psf, m.e_g_psf, m.r_psf, m.e_r_psf, m.i_psf,
m.e_i_psf, m.z_psf, m.e_z_psf, m.prox, t.prox AS tprox,
m.allwise_dist, g.parallax, g.parallax_error,
g.astrometric_excess_noise, g.astrometric_excess_noise_sig,




ext.twomass_psc t ON m.twomass_key=t.pts_key
JOIN
ext.gaia_dr2 g ON m.gaia_dr2_id1=g.source_id
JOIN
ext.allwise w ON m.allwise_cntr=w.cntr
WHERE
m.twomass_dist < 2.0 /* cross-matching radii (arcsec) */
AND m.gaia_dr2_dist1 < 2.0
AND m.allwise_dist < 3.0
AND m.prox > 6.0
AND t.ph_qual = ’AAA’ /* quality cuts */
AND t.gal_contam = 0
AND t.ext_key IS NULL
AND t.cc_flg = ’000’
AND m.class_star > 0.9
AND flags_psf = 0
AND m.u_ngood > 0
AND m.v_ngood > 0
AND m.g_ngood > 0
AND m.nch_max = 1
AND (t.j_m - t.k_m) > 0.85 /* 2MASS initial color cut */
AND t.j_m < 14.0 /* Select for high 2MASS SNR */
Table 2.2: Initial ADQL query. The de-reddening on the 2MASS color cut was performed after the fact, since at this
stage we had not decided on an extinction correction. The luminosity cut was also performed after the fact, because
an external join to Bailer-Jones et al. (2018) distances was not possible in the SkyMapper DR2 TAP service.
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removed the single source for which the Bailer-Jones inference did not converge (18:35:30.1
-23:01:18.3), and joined the output to our working catalog.
Finally, we implemented our MJ<0 luminosity cut using the 2MASS J band magnitude and
Bailer-Jones et al. (2018) distances. We also re-implemented our (J-Ks)0>0.85 color cut with
Schlegel, Finkbeiner, & Davis (1998) de-reddening, adopting AJ=0.723 and and AK=0.310 from
Schlafly & Finkbeiner (2011) so that the correction was -0.413 multiplied by the SkyMapper DR2
ebmv_sfd column.
We then retrieved object type labels for our working catalog. We crossmatched to the Set
of Identifications, Measurements, and Bibliography for Astronomical Data (SIMBAD) database
(Wenger et al. 2000) with the CDS Upload X-Match in TOPCAT on a 3 arcsec matching radius,
to retrieve names and object type labels from SIMBAD. We also crossmatched to the Naval Ob-
servatory Merged Astrometric Dataset (NOMAD; Zacharias et al. 2005), with the CDS Upload
X-Match in TOPCAT on a 2 arcsec matching radius, to obtain V band measurements to estimate
exposure times of follow-up.
Then, we crossmatched our working catalog to the Merc, Gális, & Wolf (2019b) catalog of
Galactic and extragalactic symbiotic stars. A 10 arcsec matching radius was used, and we man-
ually checked the results to ensure that no spurious matches were retrieved. A total of 58 con-
firmed symbiotics were matched. To check how many symbiotics were lost through our cuts, we
crossmatched Merc, Gális, & Wolf (2019b) to SkyMapper dr2.master; this yielded 200 confirmed
symbiotics, but only 110 had a u-band observation, only 73 had u and v, and only 71 had u, v, and
g. That is, only 13 out of 71 known symbiotics with uvg photometry were cut by the cuts described
in this section.
One remaining quality cut was performed that removed a further 7% of our working catalog to
create our luminous red objects sample, but we will defer discussion of this cut to the next section
for reasons that will become apparent, and instead conclude this section by reporting on the IR
and on-sky spatial properties of the final luminous red objects sample. Between 83% (without
rows.
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de-reddening) and 93% (dereddening by the full Galactic extinction column) of the luminous red
objects sample meets the 2MASS and ALLWISE color criteria for the selection of M giants spelled
out in Equation 1 of Li et al. (2016), ignoring objects for which ALLWISE is saturated. In contrast,
only 31% (with or without de-reddening) of the Merc, Gális, & Wolf (2019b) Galactic symbiotics
meet the Li et al. (2016) criteria, supporting our decision to avoid the multiple strict IR color
cuts that would have given us a purer sample of cool giants. Some AGN remain in our luminous
red objects sample, and we found that we could identify them with ALLWISE (AGN have W1-
W2>0.5; see Li et al. 2016) and Gaia proper motion (AGN have Gaia
√
?<A02 + ?<3422 < 0.35
mas year−1). However, 38 out of 45 objects identified in this way were already known in SIMBAD
to be AGN or galaxies, one was a known Mira, and also the known flickering symbiotic EF Aql
has an AGN-like W1-W2≈0.9 color9 and a borderline proper motion of 0.48 mas year−1. So to
avoid cutting out EF Aql-like symbiotics, we chose not to alter our selection function to exclude
AGN, but rather to simply not observe any object already identified as an AGN by SIMBAD.
Our selection criteria likely introduce some spatial biases, but as shown in Fig. 2.2, the on-sky
spatial distribution of our final luminous red objects sample is dominated by the grid pattern of
the SkyMapper Southern Sky Survey. The most notable issue is that SkyMapper DR2 does not,
for the most part, cover low Galactic latitudes in the u or v bands, leading to the exclusion of the
majority of known symbiotics. This is unavoidable, since the premise of our search relies on the
idea that accretion disks will produce detectable excess flux at short wavelengths and variability
within uvgruvizuv filter sequences. The present work can be extended further into the Galactic
plane upon future SkyMapper data releases.
2.1.3 The SkyMapper parameter space
2.1.3.1 Choosing u-g and u-v
We ultimately decided to focus on the SkyMapper colors u-g and u-v, for the following reasons:
9EF Aql was, in fact, selected in part on the basis of a W1-W2 color cut to select AGN in the UV-bright Quasar
Survey of Monroe et al. (2016)—the survey which, as discussed in Chapter 1, led to EF Aql’s classification as a
symbiotic in Margon et al. (2016).
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Figure 2.2: Density-shaded scatter plot of our luminous red obects sample in galactic coordinates (grey, corre-
sponding to the objects in the right panel of Fig. 2.5), with an overlay of the portion of the sample for which good
short-timescale u-band variability information was available within at least one SkyMapper Main Survey filter se-
quence (blue, corresponding to the objects in the middle panel of Fig. 2.5).
i. Of all the SkyMapper colors, u-g turned out to be the most effective at making the Merc,
Gális, & Wolf (2019b) known symbiotic stars into color outliers.
ii. After choosing u-g, the second-most effective color at isolating symbiotic stars was u-v. It
acted on our luminous red objects in a way that was, out of all the remaining colors, most
dissimilar from u-g, judging by visual inspection.
iii. Principal component analysis (PCA) reduction of several normalized colors (the set u-v, u-g,
u-r, u-i, and u-z) of our luminous red objects sample to 2 dimensions loaded out u-g, u-r, u-i,
and u-z onto the same eigenvector with similar loading scores, suggesting they are strongly
correlated with each other. The other eigenvector was dominated by u-v, supporting our
impression that u-v is the SkyMapper color most orthogonal to u-g in our sample.
iv. There were physical reasons to support the use of u-g and potentially u-v in identifying
symbiotics. As discussed in Chapter 1, we predicted that the symbiotic hot component would
produce an excess in SkyMapper u, the shortest-wavelength filter, relative to redder bands.
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And although the case for v band, the narrowest filter with the lowest SNR, was less clear
at the time, we knew that SkyMapper’s filter set was chosen so that the u-v color would
measure the Balmer jump (Wolf et al. 2018), which seemed potentially useful, especially in
the context of interpreting the meaning of a u-g excess.
v. Unless motivated, all else being equal, it is better to select targets in a 2-dimensional pa-
rameter space than to add superfluous dimensions, with real colors rather than PCA amalga-
mations. 2D selection with real colors makes the physics and biases underlying our results
clearer. Given our ultimate sample sizes, and considering expected reductions in those sam-
ple sizes if we required good data in more dimensions, we were also capped at around 7
to 8 dimensions at most before the distance between data points in parameter space would
become too large for any attempt at machine learning to work well (the “curse of dimension-
ality”; Silverman 1986).
vi. We did test multi-color 8-dimensional Kernel density estimation (KDE; Silverman 1986),
3-dimensional KDE with various pairings of u-g and u-v with other SkyMapper colors, and
multi-dimensional data exploration by inspection in GLUEVIZ (Robitaille et al. 2017). We
found several small groups of outliers which were not apparent in the 2-dimensional u-g u-v
color-color diagram, but follow-up on each group indicated that their outlier status could be
attributed to being unusually red, while we had a physical motivation to pursue targets that
were unusually blue. We concluded that the addition of SkyMapper colors beyond u-g and
u-v were not helpful to our purpose.
vii. All else being equal, the effects of interstellar extinction are minimized by choosing filters
that are as close to adjacent in wavelength as possible.
viii. All else being equal, we aimed to use as few filters as possible, since requiring good data
in additional filters inevitably leads to excluding a fraction of objects from the sample (see
below). For example, the known flickering symbiotic EF Aql has no z band observations in
SkyMapper DR2.
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2.1.3.2 Reconstructing SkyMapper colors
In the course of our data exploration, we found that it would be inadvisable, for our sample, to
calculate u-g and u-v colors from the SkyMapper dr2.master catalog magnitudes for those filters.
The problem is illustrated in Fig. 2.3. In the left panel, we show that Mira variables—AGB stars
with optical pulsation amplitudes of up to many magnitudes—are widely scattered in the u-g u-
v color-color diagram built from dr2.master. Although SkyMapper observes snapshot colors in
both its Main Survey and Shallow Survey filter sequences, the SkyMapper catalog construction
pipeline discards some measurements if it identifies them as outliers or if they have data quality
issues (Wolf et al. 2018; Onken et al. 2019), and those clipped measurements do not make it into
the dr2.master averages. This measurement clipping can time-imbalance what would have been,
for example, the average of two Main Survey snapshot colors, or the average of a Shallow Survey
snapshot color and a Main Survey snapshot color. For Miras, and a wide variety of other red giant
pulsators and highly variable stars, a color calculated from the difference of band measurements
taken on different months is physically and practically meaningless.
However, the information necessary to reconstruct an average of true snapshot colors is still
contained within the full table of SkyMapper measurements, dr2.photometry. We needed to re-
Figure 2.3: The left panel shows the broad distribution of Mira variables in our luminous red objects sample,
plotted in a color-color diagram built from the SkyMapper dr2.master catalog. The right panel shows the densely
packed distribution of the same Miras in our color-color diagram reconstructed from nightly averaging of SkyMapper’s
dr2.photometry table of individual-exposure measurements. The colorbar scale for the underlying sample is described
in Fig. 2.5. In this and all following plots, the point centered in a hollow symbol (e.g., hexagon) is the same object
(e.g., Mira variable) represented by the hollow symbol.
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trieve the full table of individual uvg measurements for each object in our luminous red objects
sample. The SkyMapper TAP endpoint does not accept table uploads, and our need for Bailer-
Jones et al. (2018) distances meant we would be unable to rebuild our luminous objects sample in
an ADQL query without also retrieving the full table of measurements for a vast number of cool
dwarfs, which would have been a very complex and resource-consuming endeavour. So instead, we
found a procedural workaround as follows. First, we performed a multiple cone search (Multicone)
in TOPCAT, crossmatching our luminous red objects sample to the SkyMapper dr2.photometry
TAP cone-search endpoint10 with a right outer join (“all results”) and parallelism set to 10. We
split this step into multiple pieces to avoid timing-out the cone query. Next, we downloaded the
full SkyMapper dr2.image table, which contained necessary observational metadata (such as date
of observation, which is not in the dr2.photometry table) for about 121,000 exposures (and is
therefore only 121,000 rows long). Then, we joined (on the image_id column) our full table of
photometry measurements from the previous step to the image table, locally in TOPCAT.
Finally, to replicate the SkyMapper DR2 filtering strategy up until the outlier-clipping stage,
we required that used_in_clipped be a boolean value (True or False, but not null). This re-
duced the number of uvgriz measurements from 11.4 to 8.7 million. Rejecting null values of
used_in_clipped rejects measurements that did not make it to the clipping stage of the SkyMapper
pipeline, and amounts to rejecting source extractor flags≥4, nimaflags≥5, and incidents in which
multiple Source Extractor detections of the same object were identified in a single observation.
Unlike the SkyMapper DR2 catalog pipeline, we accepted used_in_clipped=False, since outlier
clipping is not appropriate for variable objects. The result was a concatenated table of 8.7 mil-
lion individual uvgriz band measurements and their observational metadata for our full sample of
luminous red objects.
We then computed as follows, for each object, a weighted average of nightly u-v and u-g colors.
First, we split our concatenated photometry table by filter band. The uncertainty for each SkyMap-
per PSF magnitude measurement was taken to be the SkyMapper dr2.photometry e_mag_psf un-
10http://skymapper.anu.edu.au/sm-cone/aus/query?CATALOG=dr2.photometry
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certainty propagated in quadrature with a 0.01 mag systematic uncertainty (from the SkyMapper
catalog pipeline procedure, in which a 0.01 mag uncertainty is added to reflect flatfield uncertain-
ties; Wolf et al. 2018). We used these to compute a variance-weighted11 average measurement and
propagated variance for each night in each band, using groupby.apply in PANDAS (pandas devel-
opment team 2020; McKinney 2010) to group on the object_id and night_mjd columns from the
dr2.master and dr2.images tables and apply the calculation functions. We then performed an inner
join of the resultant u and g (or u and v) tables with PANDAS merge on the object_id and night_mjd
columns, and computed a nightly u-g (or u-v) color. After that, we computed an average of the
nightly colors weighted by the propagated variances, using groupby.apply to group on object_id
and again apply the weighted-average calculation function. Finally, we performed an inner join of
the resultant u-g and u-v tables with merge on the object_id column.
The result was a table of reconstructed u-v and u-g colors for each of our luminous red objects,
excluding objects for which a nightly color could not be computed. 7% of our working catalog was
removed by this exclusion. The remaining 366,721 objects comprise our final catalog of luminous
objects, the substrate from which we selected outlying targets. A color-color diagram from the
reconstructed colors of u<16 objects is shown in the right panel of Fig. 2.3. The large scatter
of pulsating Miras has been fixed; they are now densely localized to a small region of parameter
space, allowing true color-color outliers to be seen.
We note our procedure means that each color for an object was obtained from self-consistent
coeval photometry, but the different colors for each object are still not necessarily coeval to each
other. This was done to maximize the number of objects for which we would obtain data. uvg
observations are usually obtained coevally in all-band sequences, but quality cuts/flags can some-
times remove filters from a night’s sequence in our analysis. Therefore, some degree of caution
should be exercised by a reader interested in inferring, say, the v-g color from the u-v and u-g
colors.
11Weighting was performed in logarithmic magnitudes (geometric means), not linear units.
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2.1.3.3 Why we did not correct u-g and u-v for interstellar extinction
We decided against de-reddening the SkyMapper u-g and u-v colors to correct for interstellar
extinction. Most stars do not lie beyond the extinction column measured in two-dimensional dust
maps like Schlegel, Finkbeiner, & Davis (1998) and Schlafly & Finkbeiner (2011), but rather inside
it, such that correcting by the 2D extinction value would often be a dramatic over-correction. 3-
dimensional dust maps exist, but they are very low resolution in sky coordinates and radially;
they may, for example, often undercorrect on high-extinction sight lines and overcorrect on low-
extinction sight lines, and they are designed more for understanding Galactic structure and (at best)
stellar populations than for correcting the colors of individual stars (Green et al. 2015; Green et
al. 2018). This was especially true in the southern hemisphere at the time of our target selection
phase. Nevertheless, before deciding against it, we attempted a 3D extinction correction, using the
mwdust.Combined15 map described in Bovy et al. (2016). This map is a patchwork of three 3D
extinction maps including Drimmel, Cabrera-Lavers, & López-Corredoira (2003), Marshall et al.
(2006), and Green et al. (2015), which cover different areas of the sky. We evaluated the map
at the sky coordinate and Bailer-Jones et al. (2018) distance for each of our luminous red objects,
capped by us at the value of the full Galactic extinction column from Schlafly & Finkbeiner (2011).
Following the SkyMapper filter set extinction coefficients12, the E(B-V)SFD values from the 3D
map were applied as:
(u-g)0 = u - g - (4.294 - 2.986)× E(B-V)SFD
(u-v)0 = u - g - (4.294 - 4.026)× E(B-V)SFD
The disappointing results are shown in Fig. 2.4, in which we plot our u<16 bright subsample of
luminous red objects, and the Merc, Gális, & Wolf (2019b) symbiotic stars intersecting with that
subsample, without and with the 3D extinction correction. The sample is stretched in the color-
color diagram by the extinction correction, somewhat narrowing the separation between known
symbiotics and the main distribution of objects. This happens despite the fact that the known
symbiotic stars had a higher median reddening than the rest of the sample.
12http://skymapper.anu.edu.au/filter-transformations/
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Figure 2.4: Our u<16 bright subsample without (left) and with (right) the 3D interstellar reddening correction
attempted as described in the text. Objects with 3D E(B-V)>0.3 are overplotted in semi-transparent dark red, E(B-
V)<0.1 in semi-transparent blue. The same sample of known symbiotics from the left panel of Fig. 2.6 are the blue
crosses. The compactness of the sample and separability of known symbiotics from the rest of the sample are lost
somewhat in the right panel, motivating our choice to not de-redden.
We concluded that the reddening correction would be counterproductive to our purpose of
finding symbiotic stars as color-color outliers. The reasons for this are unclear.13 It may be that
the 3D dust map is simply nowhere near the required resolution to accurately de-redden, or that the
distances are innacurate as well. Or, alternatively, it may be that there is some physical correlation
between an object’s blueness and the interstellar extinction between us, perhaps some effect of
different spatial distributions of stars with different metallicities (or some effect of our IR cuts),
that causes the metallicity effect (or an IR selection effect) and the extinction to cancel out. It is
interesting to note that the more high-reddening portion of our subsample had a bluer average u-v
color than the low-reddening portion, and a similar average u-g color, before de-reddening.
In any case, for the present work, we decided against performing any extinction correction to u-
g and u-v. Further investigation may be strongly motivated after southern hemisphere 3D dust map
resolutions improve. There is no evidence that the lower-right tail of the color-color distribution
is due to any reddening effect. Our final selected spectroscopic targets with u-band excesses were,
13As J. Bovy and I discuss on an open issue at https://github.com/jobovy/mwdust/issues/13
(2019), there might be a small possible error in the mwdust program leading to overestimates by up to 14% in regions
of the mwdust.Combined15 map obtained from those portions of the Drimmel, Cabrera-Lavers, & López-Corredoira
(2003) sector that lie above galactic latitude ±30°. However, this is not a large enough effect to explain the problem—in
fact, it is on the order of the uncertainties even in 2D dust maps (Schlafly & Finkbeiner 2011).
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on average, somewhat more highly extincted in the 3D map than the rest of the luminous red
objects sample, mitigating the risk that they could appear as blue outliers due to being less strongly
extincted than the rest of the sample. For whatever reason, the uncorrected colors seem to work.
2.1.3.4 The SkyMapper color-color diagram, KDE color scores, and SIMBAD labels
The finalized SkyMapper u-g u-v color-color diagram for our sample of luminous red objects
is shown in the left (u<16 mag: bright subsample) and right (any u mag: full sample) panels of
Fig. 2.5 (the middle panel can be ignored at the moment). For convenience, we gave each object
in our sample a color outlier score calculated with the Kernel Density Estimation (KDE) function
sklearn.neighbors.KernelDensity14 (Pedregosa et al. 2011), using a Gaussian kernel of bandwidth
0.1 mag. For our specific and simplistic use case, KDE is fulfilling the role of a convenient 2-
dimensional histogram with an easily adjustable “bin” size (the bandwidth of the kernel) that also
assigns a convenient outlier score to each object in the form of the probability density evaluated
at the location of the object in parameter space. We chose the bandwidth somewhat arbitrarily to
be just small enough to pick up on subtle features in the color-color distribution that could guide
our symbiotic candidate targeting strategy; for example, in the left panel, in which the KDE is
evaluated only on the bright u<16 subsample, the kernel picks up on the slight overdensity around
u-g=0.2 and u-v=0, as well as the higher density in the lower-right tail of objects relative to its
outskirts on the u-v axis.
In the right panel, the distinction between the lower-right tail and what was the lower-density
region to its left vanishes, both on visual inspection and in the distribution of KDE color scores.
With some experimentation, we found that the transition over which the distinctiveness of the tail
vanishes is in the u=16–17 range. Accordingly, in this plot and in all other plots based on it, we
plot the bright subsample of our luminous red objects with SkyMapper u_psf<16 mag in the left
panel, and the full sample of our luminous red objects with any u magnitude (including the bright
subsample) in the right panel. Two KDEs are evaluated independently for the left panel’s bright
14https://scikit-learn.org/stable/modules/density.htmlkernel-density
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Figure 2.5: Our sample of luminous red objects in SkyMapper parameter space, from which outlying targets were
selected. The leftmost panel is a scatter plot of the u<16 bright subsample in our reconstructed SkyMapper u-g and
u-v color-color diagram. The rightmost panel is the same for the full sample with any u magnitude. The middle
panel plots the statistical significance of rapid u-band variability within a filter sequence for each object for which a
good filter sequence is available, translating to magnitude-independent effective significance thresholds of feff=2 at
statistical f=9, feff=3 at statistical f=18, so that about 95% of the sample lies below the 2feff line and about 99.7%
of the sample lies below the 3feff line in any given u magnitude bin.
There are 97,957 objects plotted in the left panel, 366,721 objects in the right panel (including those from the left
panel), 25,619 objects objects in the left half of the middle panel, and 146,577 objects in the entire middle panel
(including those from the left half).
Colorbars: points in all three panels, including the middle one, are mapped to their color-color KDE score delineated
in the colorbars, which go from light in the densest region of ug uv parameter space to black for ug uv outliers. At the
u=16 vertical line in the middle panel, the mapping is switched from the bright subsample’s KDE score (left colorbar)
to the full sample’s KDE score (right colorbar). In the middle panel, to ensure that color-color outliers are noticeable,
objects with high-outlier KDE scores are overplotted after first plotting the objects with low-outlier KDE scores.
Figure 2.6: Our sample of luminous red objects crossmatched to external catalogs, including objects with “main
type” SIMBAD (Wenger et al. 2000) classification as an S star (S), carbon star (C), Mira, or post-AGB (including
SIMBAD labels post-AGB*, PulsV*RVTau, and and PulsV*WVir under the post-AGB umbrella), and symbiotics
(SySt) from the New Online Database of Symbiotic Variables (Merc, Gális, & Wolf 2019b). AGN are identified with
our W1-W2>0.5 and Gaia proper motion < 0.35 mas year−1 criteria, and the vast majority also have a variety of AGN
or galaxy labels in SIMBAD. A few notable symbiotics are labeled individually, and discussed in the text. Here—
as throughout the rest of this work when showing overlays on Fig. 2.5—every object plotted is in our luminous red
objects sample, and only objects with u<16 are plotted in the left panel.
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subsample and the right panel’s full sample, with correspondingly different color score ranges
represented in the left and right colorbars, respectively. The reason for the necessity of this split is
unclear; our hope is that it relates to larger systematic errors at dim magnitudes, particularly in the
narrower v filter, and that the issue will resolve itself with future SkyMapper data releases that will
reach a greater depth. The median statistical uncertainty on each color is about 0.02 mag, with tails
out around 0.2 mag or so (∼1600 objects with uncertainties larger than 0.1 mag in the right panel,
∼100 objects with uncertainties larger than 0.1 mag in the left panel, for both u-g and u-v). There
are 366,721 objects in the right panel (full sample), and 97,957 objects in the left panel (bright
subsample).
In Fig. 2.6, we display the results of our crossmatches from earlier in this chapter between our
luminous red objects sample and external catalogs, including confirmed Galactic and extragalactic
symbiotics from the Merc, Gális, & Wolf (2019b) New Online Database of Symbiotic Variables15
to ensure a carefully vetted set of known symbiotics, and SIMBAD “main_type” labels for the
other object types. Most importantly, we see that the vast majority of known symbiotics in our
luminous red objects sample are very well isolated by u-g u-v colors in the bright sub-sample,
somewhat less so in the full sample. To the left in the color-color diagram, with blue excess in u-v,
are a substantial fraction (but not all) of the carbon stars and s-process-enhanced stars (S stars) in
the sample; in these giants, s-process and carbon products have been dredged up on the thermally-
pulsing AGB (either in the current giant, or transfered to the current giant from a more evolved
companion) leading to different molecular banding. Meanwhile, Mira variables are well localized,
with a slight extension into the lower-right tail. Most AGN, identified by the combination of an
ALLWISE W1-W2>0.5 color and a proper motion less than 0.35 mas year−1 as discussed above
(but with the vast majority also labeled as AGN or galaxies in SIMBAD), are located just down
and to the right of the mostly-symbiotic zone. A small number of post-AGB stars (including those
labeled as post-AGBs, RV Tau, or W Vir) are slight outliers in a long line along the upper-right.
15The first public version of the Merc catalog—except that we excluded Hen 3-1768, which was discovered through
an earlier test iteration of our search, reported in Lucy et al. (2018), and subsequently incorporated into the Merc
catalog.
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These are the largest SIMBAD categories by far in the luminous red objects sample, and we did
not notice any other patterns of interest.
2.1.3.5 SkyMapper rapid Δu
As discussed in Chapter 1, we were particularly interested in using SkyMapper to identify
accreting-only symbiotics with detectable accretion disk flickering at short optical wavelengths.
Each of the SkyMapper Main Survey visits (of which there are typically up to two) to each field
comprises a sequence of exposures patterned as uvgruvizuv, typically completed in 20 minutes,
with 100-second exposures in each filter and a median 21-second overhead per exposure (Onken et
al. 2019). That means that there are three 100-second u-band exposures performed with a cadence
of typically 8 minutes within a sequence. The same is true for v-band, but we focused on u because
it inevitably had higher SNR (due to its broader throughput) at even shorter wavelengths where the
accretion disk was likely to have a greater contribution.16 Our goal was to see if variability between
these three 8-minute-cadence exposures within a single filter sequence could be sufficient to detect
accretion disk flickering.
After testing a variety of metrics, we settled on a simple one that made the known optically-
flickering symbiotic EF Aql (Zamanov et al. 2017) stand out: within each Main Survey filter
sequence, we calculated
rapid Δu f = max8, 9
|ui − uj |√
(e_mag_psf)2i + (e_mag_psf)2j
(2.1)
for any i and j in the two or three good u-band measurements within the Main Survey filter se-
quence, using the e_mag_psf column of the dr2.photometry table as the uncertainty for each mea-
surement (without incorporating any systematic error floor, unlike in our variance-weighting for
our color reconstruction, because incorporating a floor made EF Aql stand out less). To enforce a
minimum data quality, we again only used measurements with used_in_clipped = True or False, not
16We note that it could be interesting to track variability in u-v color on minutes-timescales, but we did not attempt
this since requiring both u and v to have good minutes-timescale data reduced the size of our sample too much.
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null, equivalent to excluding measurements with source extractor flags≥4 and nimaflags≥5. A few
objects/nights had unusual sequence patterns with Main Survey u-band measurements separated
by up to 4 hours, but we found that the timescale had minimal effect on the statistical distribu-
tion of the sample and our selection thresholds, so we allowed those to be incorporated. Some
Main Survey sequences only had two u-band measurements, but again we found that the statistical
distribution was unaffected by incorporating sequences with either two or three u measurements in-
discriminately. There were several hundred objects that had more than three Main Survey u-band
measurements within the selected night (mostly with four measurements), and these uniformly
yielded a much higher value from Equation 2.1, so we excluded them by only including objects
that had only two or three Main Survey u measurements per night. Where two or more nights of
Main Survey filter sequences were obtained (i.e., objects with two or more filter sequences), we
assigned that object the night that gave it its maximum value of Equation 2.1, which we found
did not significantly affect the statistical distribution of the sample. In future data releases, where
eventually almost 100% of objects will have two nights of main survey data, we will incorporate
information from both nights more carefully.
The resultant value from Equation 2.1, which we hereafter call “rapid Δu f”, is plotted in
the middle panels of Fig. 2.5 and Fig. 2.6 against the dr2.master u_psf magnitude for each of our
luminous red objects, color-coded by the KDE color outlier score. There are 25,619 objects in
the u<16 bright subsample with a rapid Δu f value, and 146,577 objects in the full sample with
a rapid Δu f value. The spatial distribution of these objects is shown with an overlay in Fig. 2.2,
illustrating the limited regions over which usable Main Survey filter sequences were available.
Although Equation 2.1 was nominally the statistical significance of the maximum variabil-
ity between any two u exposures within a filter sequence, it was clearly far too high for far too
many objects. We binned the data from the middle panel of Fig. 2.5 into 0.5 mag bins, and used
numpy.percentile to calculate the value of rapid Δu f below which 99.73% and 95.45% of the ob-
jects in that bin lay. We found that these percentile thresholds were very close to flat as a function
of u magnitude, suggesting that the rapid Δu f outliers are dominated by systematic errors. Since
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the thresholds were effectively flat as a function of brightness, we set a flat 3feff and 2feff thresh-
old at the approximate percentile levels of 99.73% (rapid Δu f = 18 ≡ 3feff) and 95.45% (rapid
Δu f = 9 ≡ 2feff), which are the horizontal lines in the middle panels of our parameter space plots.
2.2 Target selection for optical spectroscopy
To confirm the presence of a cool giant and search for emission lines indicative of symbiotic
binarity in SkyMapper outliers from the distribution of luminous red objects, we set out to obtain
optical spectroscopy for a set of regions in parameter space. Our two main goals were to (1)
determine the boundaries of where symbiotic binaries of any type can be found in SkyMapper
parameter space, and (2) develop techniques to find optically-flickering, accreting-only symbiotics.
Optical spectroscopy was an intermediary step to the latter goal, since the length of optical light
curves and the depth of X-ray exposures needed to detect accretion disks would be prohibitively
resource-intensive without at least some independent confirmation of the presence of a cool giant
and a hint of emission line properties not seen in isolated cool giants.
To those ends, and informed by the locations of known symbiotics in parameter space, we
defined four categories of target selection. The depth we explored into the sample distribution in
each category was determined by both the amount of observing time with good weather and our on-
the-fly subjective prioritization between the different categories over the course of the observing
runs. In Fig. 2.7, we show the target selection category for each observed target in SkyMapper
parameter space, including:
i. 146 observed targets (plus an additional three that also qualified under the categories be-
low) were selected by u-g u-v color-color alone in the u<16 bright subsample, exploring the
outskirts of the color-color distribution up to u-g=2.4 and a KDE color score of -5.3. Our
intention here was not to maximize the number of symbiotics discovered (in which case we
would have focused exclusively on the mostly-symbiotic zone defined by the Merc symbiotic
catalog, pushing into the adjacent high-density regions and not exploring the other outlying
regions). Rather, our intention was to fully explore the blue outskirts of the parameter space
33
we had built, to determine where future searches should be focused. We had in mind that
accreting-only flickering symbiotics, symbiotics with S star donors, or symbiotics with un-
usual nebulosity like the Southern Crab (Hen 2-104, labeled in the left panel of Fig. 2.6 and
notably separated from the mostly-symbiotic zone), might be located in different regions of
parameter space from the known sample. We also had in mind that it could be useful to
have a more complete set of outlier object type labels for supervised machine learning in the
future.
ii. 53 observed targets were selected to have both rapid Δu>3feff and KDE color score up to 0.2
in the full sample. Our intention here was to test the rapid Δu metric as a flickering detector,
while increasing the likelihood of success by prioritizing targets with at least some small
blue excess relative to the mode of the distribution. Two of these targets would also have
qualified with only the u<16 color-color criterion above.
iii. 29 observed targets were similarly selected to have both rapid Δu between 2feff–3feff and
KDE color score up to -3.5 in the full sample. Our intention here was to see if a moderately
significant excess in rapid Δu paired with color would allow us to detect flickering symbiotics
slightly deeper into the color-color distribution than with color-color alone. One of these
targets would also have qualified with only the u<16 color-color criterion.
iv. 5 observed targets were selected to have as high as possible rapid Δu excess without con-
sidering color, to test if rapid Δu could be used without color criteria to successfully detect
flickering symbiotics.
We excluded known symbiotics, and AGN or galaxies identified as such in SIMBAD, from our
spectroscopic target lists. Otherwise, we generally ignored other SIMBAD labels, on the premise
that they could be wrong—and that if they were right, having a spectrum could be useful for
identifying other contaminants.
Interestingly, while we intentionally chose an Equation 2.1 that would make the flickering EF
Aql stand out, another known symbiotic, V1044 Cen (CD-36 8436), also has rapid Δu well above
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Figure 2.7: Selection criteria of targets for which optical spectroscopy was obtained, overlayed on Fig. 2.5. The
targeted zones, in order of how far they venture into the densest region of the color-color distribution, are: the outskirts
of the bright sample up to color score -5.3 on the left colorbar and u-g=2.4 (146 magenta circles), variability down to
2feff in the middle panel up to color score -3.5 on the right colorbar (29 black squares), variability down to 3feff in the
middle panel up to color score 0.2 on the right colorbar (53 black diamonds), and variability down to statistical f=26
without color criteria (5 green triangles). The known symbiotic V1044 Cen was also observed (1 blue hollow cross).
3feff , as shown in Fig. 2.6. So we added it to our list of spectroscopic (and photometric, see
Chapter 2) targets.
Constrained by the timing of our spectroscopic observation runs, we only targeted objects
with right ascensions between 10–24 and 0–2 hours, towards the Galactic Center, in other words
excluding the 2–10 hour range and the Galactic anti-center where star densities are lower.
2.3 Optical spectroscopy
2.3.1 Observations and data reduction
We obtained optical spectra of the 234 objects outlined above and in Fig. 2.7, including the
known symbiotic star V1044 Cen. 233 of those objects were observed at the South African As-
tronomical Observatory (SAAO) 1.9-meter telescope, using SpUpNIC (Spectrograph Upgrade:
Newly Improved Cassegrain; Crause et al. 2019) with the G7 grating. G7 is a low-resolution
grating with a blaze at 5000Å a range of 5550Å, and a plate scale of 2.7 Å/pixel. The spectral res-
olution on the first night, typical of the full run, was around 11 to 12Å (about 4 pixels), implying
a resolving power R∼600 or so in the vicinity of HU. A BG38 filter was manually inserted into
the arc beam at the start of the 2019 run; we think that the same was done by staff at the start of
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the 2020 run conducted from the Cape Town control room, but we are not sure. Before and after
each spectrum (although ultimately we only used the ones after each spectrum), a CuAr arc lamp
was obtained to track the shifts in the wavelength solution, which were at times very severe as the
telescope moved across the sky. The arc before each spectrum was obtained after the fast slew
but during the slow slew, while the arc after each spectrum was obtained while the telescope was
pointed at the source. We tried to keep the slit width larger than the seeing. We observed a variety
of standard stars, including at least four 90-second exposures on CD-32 9927 per night in the 2019
run (and a few exposures of the same standard some nights of the 2020 run). We did not prioritize
observing at zenith, and it was not possible to adjust the slit angle to match the parallactic angle.
Because our targets were often extremely variable stars, we typically took a short test exposure
(with the exact length informed by NOMAD archival V magnitudes) and then, if needed, a longer
exposure scaled up based on the results of the test exposure. We aimed for an SNR of around
100/pixel in the pseudo-continuum around HU, aiming for a count-density in the SpUpNIC Quick-
Look software of around 15,000 counts in that region. In some cases it was impossible to achieve
that without saturating emission lines or the red end of the continuum, in which case we usually
took an additional shorter exposure. Where features are saturated, we note that in our results. The
finally utilized exposure times ranged from 10 to 1800 seconds, but mostly in the 200 to 1200
second range.
The majority of spectra, including all but one of our targets in which we detected emission
lines, were obtained in the dome on 2019 June 19 – July 2 by a single observer (ABL), with a little
over 5 nights of good weather in varying non-photometric conditions. These observations were
supplemented by a smaller set obtained remotely from the Cape Town control room on 2020 May
21–23,27 and June 24–25,30 by a few different observers on shared time. A single spectrum of
a target falling in our selection region was available from a pre-Gaia test iteration of our search,
observed at CASLEO with the REOSC spectrograph (R∼700) on 2018 March 19. One more
additional target in our selection region (the symbiotic Hen 3-1768, which we discovered through
u-g u-v color-color and long term variability greater in u band than z band, as reported in Lucy
36
et al. 2018) was also observed at CASLEO, but we obtained a duplicate spectrum on SpUpNIC
which we report in this work.
The SpUpNIC spectra were reduced following standard procedures in the Image Reduction and
Analysis Facility (IRAF; Tody 1986). A sequence of bias frames was obtained every night of the
2019 run, but none were obtained on the 2020 run. Dome flats, which entailed manual pointing
of the telescope with the controls inside the dome, were obtained on a few nights of the 2019 run.
We subtracted the bias (from that night for the 2019 run, and from the last night of the 2019 run
for the 2020 runs) scaled by the overscan region, and flat-fielded with our dome flats (using sets
of flats with a similar grating angle to the exposure being corrected, and secondarily as close as
possible in time). We noticed certain horizontal features in the dome flats (that is, features of the
instrument or the optics that were constant as a function of the dispersion axis, nearly parallel
to a typical target trace), suggesting a bad row in the CCD or some kind of dust shadow on the
slit. Often these landed inside the target aperture, and varied between nights (and between flats of
different exposures) by no more than about 3% of the local average dome flat flux. These would
not appear as spectral lines in the target spectra; they lie along the dispersion axis, and target
traces typically shift monotonically along the spatial axis as they travel the dispersion axis, so at
absolute worst there would be one 3% step-function increase and one 3% step-function decrease
as the trace aperture entered and left the bad row. In reality, the spatial shift in the target trace is
generally less than 0.01 pixel/Å , and IRAF’s spectral extraction algorithms use partial pixels, so
this effect should likely be very gradual as a function of wavelength. For our science case, this is
not a problem.
A curious “absorption line” feature was located in the flat fields at around ∼7590Å , moving
with the grating angle in the same amount as a real absorption line would. Propagating this feature
into our flat-fielded science spectra, there is logically some travel in its location as the grating
angle and the wavelength solution changed, especially between nights, and between the exposures
of 2019 June 20 (as we settled on a grating angle, and due to a particularly dramatic shift in the
wavelength solution during two slews). We did not model it out of the processed flat. It is never
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located near emission line features in our science spectra, and it is of smaller amplitude than all
emission line features of interest; in fact, we could not identify it by eye in the science spectra.
Typically, it is around the deep telluric O2 absorption line and a TiO bandhead in cool giants. We
suspect that the feature in the flats might also be the telluric line, from solar or lunar light leaking
into the dome.
Spectroscopic extraction and calibration were performed mostly in the doslit task in ctioslit,
including aperture extractions with background sky subtraction, wavelength solutions, correction
for atmospheric extinction, and relative flux calibration with a standard star. SAAO spectra headers
are slightly non-standard, so we created header values for local sidereal time and epoch with the
asthedit task. We manually ran the setjd and setairmass tasks, because doslit was (silently) not
performing them. Aperture extractions were performed with automatic resizing of the aperture
limits to 5% of peak flux, with step=30, nsum=30, clean=no, and weights=no. Each aperture trace
was inspected, and background regions manually adjusted for each target to be as free of stars as
possible. Dispersion corrections were performed in doslit with the lamp arc obtained immediately
after each science spectrum, with the default IRAF CuAr line list slightly shortened to account for
the low spectral resolution, carefully examining and in many cases adjusting each solution. The
wavelength solution was typically fit with a 3-component cubic spline. The wavelength solution
is an extrapolation at wavelengths shorter 3850Å , where we were not able to identify any arc
lines; in general, for science spectra with Balmer emission lines out to high orders (e.g., Mira
variables), the wavelength solution was excellent throughout the Balmer series. Corrections for
atmospheric extinction were made with the CTIO extinction file that comes with IRAF. Relative
flux calibration was performed with the standard star CD-32 9927 and the built-in IRAF model for
that star (ctionewcal cd32), using standard star exposures on the same night when possible, or the
closest available night when not possible for some 2020 nights.
We did not remove cosmic rays; when present, they are noted in the spectra we show.
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2.3.2 Results of optical spectroscopy
2.3.2.1 A description of the spectral atlas
At the end of this chapter (Fig. 2.10), we provide a spectral atlas of all 234 targets, including
for each object an optical spectrum, a map of the location of the object in SkyMapper parameter
space, observational metadata, and in many cases spectral fits and emission line identifications.
The parameter space plots include only objects with u brighter than the target or u brighter than
16, whichever is more inclusive, to show the extent to which the target is a color-color outlier at
the appropriate SkyMapper survey depth. Emission lines from the Balmer series, He I, [O III],
He II, Raman O VI, and other transitions are denoted with vertical lines, as described in greater
detail in the Fig. 2.10 caption. The atlas is organized into object-type categories as described at
the end of this chapter, with a summary page illustrating the position of that category’s targets at
the beginning of each section of the atlas. We relied on ASTROPY (Astropy Collaboration et al.
2013; Astropy Collaboration et al. 2018), SPECUTILS17, and PYSYNPHOT (STScI Development
Team 2013) to make this atlas.
Template fits were attempted to empirical stellar UVILIB templates from the TRDS Pickles
Atlas version of the Pickles (1998) Stellar Spectral Flux Library. These fits were made by inspec-
tion, with manual adjustment of a Fitzpatrick & Massa (2007) interstellar extinction correction
using the Barbary (2016) EXTINCTION code, while programmatically auto-adjusting the template
scaling to match a pre-defined region after each reddening change. Where we could find a good
(or at least informative) fit, we included it in our atlas, making note of the template’s spectral type.
In some cases, we produced a better fit by adding a flat-spectrum constant value to the Pickles
template, and displayed that fit in our atlas instead of the template itself. We mostly only had to do
this with some symbiotic stars, which makes sense, because symbiotic stars are composite spectra
with an additional hot component. We note that the vertical flux axes of our spectra are plotted
in logarithmic form. The red side of the spectrum is so much brighter than the blue side of the
17https://specutils.readthedocs.io/en/stable/
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spectrum in red giants and many symbiotics, so the visual impact of the constant-flux addition in
our displayed spectra may be acting as a rudimentary way to add a wavelength-dependent blue
spectrum; unless the constant flux value is very large its visual impact on the bright red end in
logarithmic space will be minimal. Thus, our additive constants in template fits are consistent with
symbiotics’ composite spectra, in which cool components coexist with additive hot components.
On the other hand, we caution that the effect of adding this constant flux value was in part to
decrease the amplitude of the molecular absorption bands, which could conceivably affect spectral
typing in ways we did not anticipate.
2.3.2.2 SkySy and SkySyC
Through our spectral observations above and follow-up observations, we found 12 previously-
unknown, definite symbiotic stars, and 10 symbiotic star candidates. For convenience, we call the
fully validated set SkyMapper symbiotics (SkySy) and the candidate sample SkyMapper symbiotic
candidates (SkySyC). Their names and properties are tabulated in Table 2.3 and Table 2.4, and their
spectra and locations in SkyMapper parameter space are shown in Fig. 2.10. Follow-up optical
light curves, UV exposures, and X-ray exposures from Chapter 3 are incorporated into the tables
and into our criteria for distinguishing between SkySy and SkySyC.
To be categorized as at least a SkySyC, an object had to meet all of the following criteria:
i. The object exhibits spectroscopic evidence for a cool K–M I–III star (including dusty Mira
spectra), in addition to meeting all the luminosity and IR color criteria that enabled our
search.
ii. The object exhibits HU in emission18 with an integrated flux above the continuum19 that after
correcting for our best-estimate interstellar extinction20 is greater than the integrated flux in
18With a slight exception made for SkySyC 1-8, our weakest candidate, where it is unclear whether HU is in emission
or not.
19Integrated flux in the line minus continuum, not equivalent width.
20The extinction correction to fit a Pickles template also accounts for small uncertainties due to the relative flux
calibration, differential refraction, aperture extraction, and background subtraction. Regrettably, this does not help
with dusty Mira spectra like SkySyC 1-4, where we have not been able to estimate the interstellar extinction.
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Figure 2.8: The SkyMapper symbiotics (SkySy) and symbiotic candidates (SkySyC), alongside the sample of previously known symbiotics, overlayed on the
Fig. 2.5 parameter space. Optical flickering and X-ray results from Chapter 3 are incorporated into distinguishing between SkySy and SkySyC.
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each other detectable higher-order Balmer line.
iii. Either the object exhibits He I emission, or there is no evidence that the cool K–M I–III star
is an S star or a carbon star, such as ZrO molecular bands. If an object containing an S or
carbon star meets additional criteria to qualify as a confirmed SkySy (through emission from
higher-ionization lines, or follow-up evidence for flickering/X-rays/etc. in data obtained on
the basis of its SkyMapper properties), it can be a SkySy, but it cannot be a SkySyC without
He I.
The idea behind the latter two criterion relates to the phenomenology of Balmer emission
produced by shocks in the atmospheres of isolated red giants. This Balmer emission appears most
strongly (Castelaz et al. 2000), but not exclusively (Yao et al. 2017), in late Mira variables and other
strong pulsators. Recall that Balmer emission in any sort of standard diffuse nebula, including
symbiotic stars, exhibits a decrement, in which the flux in HU > HV > HW > HX and so on. In
contrast, the Balmer emission produced in the atmospheres of oxygen-rich (O-rich) Miras exhibits
a Balmer increment through HX, in which the flux in HU < HV < HW < HX. The increment in O-rich
Miras may be attributable to TiO molecular bands absorbing the HU, HV, and HW lines, although
an alternative idea involving radiative transfer effects in the Balmer lines themselves has also been
entertained (see Castelaz et al. 2000, and references therein). In S and Carbon stars, however,
the effect vanishes (perhaps due to the weakening of the TiO bands), and a Balmer decrement is
observed (Castelaz et al. 2000; Yao et al. 2017). Thus, a Balmer decrement is a promising hint of
possible binary interaction in an O-rich star, but not in an S or carbon star.
We caution, however, that there has been little reason for cool giant experts to investigate
carefully whether it is uniformly impossible for an isolated O-rich M giant to exhibit a Balmer
decrement in emission. Indeed, the issue seems to have been very recently complicated by Yao
et al. (2017), in which M1–M3 giants exhibit a Balmer decrement at least between some of the
relevant Balmer orders. There is also some risk of circularity to the argument: one believes that
no isolated M giants exhibit Balmer decrements, one finds an isolated giant, but it has a Balmer
decrement, therefore it is a symbiotic star and not an isolated M giant, therefore it remains true
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that no isolated M giants exhibit Balmer decrements. Because of this, where Balmer decrements
are our only evidence for binary interaction, we classify the object as only a candidate symbiotic,
pending other evidence of binary interaction or future advances in our understanding of red giant
Balmer emission.
We exercise similar caution when it comes to our detected optical He I emission lines, coming
from a state with an excitation energy of 23 eV (which in the nebular case is reached through
recombination, requiring a 24.6 eV photon to first ionize He to He+1). That is much higher than
the excitation of Balmer emitters, but it is significantly lower than the 35 eV needed to ionize an
O+1 ion to O+2 and thereby allow for collisional excitation to the upper level of the [O III] emission
line, considered by some to be the minimum criterion to classify an object as a symbiotic star.
Again, there is not much motivation for cool giant experts to conclusively demonstrate that shocks
in an isolated giant categorically cannot produce He I emission, so out of an abundance of caution,
we do not treat He I as sufficient evidence to classify an object as a confirmed SkySy. We do,
however, consider He I to be sufficient to classify an S or carbon star as a SkySyC, since we are
not aware of any evidence that S/C stars emit He I on their own.
Instead, to be categorized as a confirmed SkySy, an object had to exhibit spectroscopic evidence
for a cool K–M I–III star and meet at least one of the following criteria, incorporating both spectral
information from this chapter and other information from Chapter 3:
i. The object exhibits emission from an ion that took at least 35 eV to create, such as [O III]
and/or He II emission.
ii. The object exhibits optical flickering in hours-long continuous light curves, subject to exten-
sive validation checks (Chapter 3).
iii. The object exhibits unambiguous X-ray emission with photon energies above 2.4 keV (Chap-
ter 3).
The columns describing the properties of SkySy and SkySyC in Table 2.3 and Table 2.4 are as
follows:
43
Name Other Name RA Dec (J2000) Select D (pc) M u HU |EW| (Å) Optical flick. X-rays
SkySy
SkySy 1-1 WRAY 16-145 14:08:47.0 -57:04:36.6 C 5460 -4.6 15.3 220 - -
SkySy 1-2 IRAS 15175-4508 15:20:58.3 -45:19:44.4 Cf 879 -3.2 14.8 11 (7) y y
SkySy 1-3 WRAY 15-1356 15:47:50.8 -32:43:59.3 C 4350 -4.8 14.0 70 - -
SkySy 1-4 Haro 1-10 16:27:49.8 -29:16:45.5 Cf 3885 -3.4 15.9 100 y y
SkySy 1-5 - 16:38:07.8 -28:42:07.6 C 8820 -4.9 15.1 100 - -
SkySy 1-6 - 17:07:10.6 -56:53:17.5 CF 5066 -4.3 17.1 6 y -
SkySy 1-7 WRAY 15-1790 17:50:47.5 -39:01:17.7 C 8019 -5.3 15.2 40 - -
SkySy 1-8 - 18:02:26.3 -41:35:54.4 C 9295 -5.3 14.3 750 - -
SkySy 1-9 V589 CrA 18:25:40.0 -42:14:22.8 C 9908 -7.2 15.7 19 - -
SkySy 1-10 V1918 Sgr 18:37:34.8 -20:53:25.0 C 11199 -4.6 15.7 60 - -
SkySy 1-11 CSS 1102 19:05:59.1 -21:09:25.0 Cf 7468 -6.0 14.4 40 y -
SkySy 1-12† Hen 3-1768 19:59:48.4 -82:52:37.4 C 7067 -5.4 13.0 >120 - -
V1044 Cen CD-36 8436 13:16:01.4 -37:00:10.8 (Cf) 1795 -4.7 12.0 ∼35 y -
SkySyC
SkySyC 1-1 IRAS 13224-5839 13:25:41.7 -58:55:05.9 C 585 -2.4 15.8 6 (2) - y?
SkySyC 1-2 IRAS 15057-5252 15:09:24.0 -53:03:28.0 C 7434 -7.6 15.4 8 - -
SkySyC 1-3 IRAS 15220-6952 15:26:57.3 -70:03:10.7 C 1929 -4.8 12.6 9 - -
SkySyC 1-4 KU Aps 17:21:51.0 -81:00:36.5 CF 9135 -5.2 15.6 1 - -
SkySyC 1-5 SS 316 17:36:59.4 -18:06:26.6 C 4876 -4.5 15.4 60 ? -
SkySyC 1-6 IRAS 18237-2417 18:26:46.9 -24:15:47.2 C 3238 -6.6 15.6 2 - -
SkySyC 1-7 - 18:34:49.6 -38:24:56.9 C 1936 -3.9 14.1 20 - -
SkySyC 1-8 - 18:56:04.0 -23:27:13.9 CF 5822 -4.6 15.5 <1 - -
SkySyC 1-9 - 19:04:51.8 -17:28:39.9 CF 8710 -6.5 17.3 3 - -
SkySyC 1-10 GSC 05140-03255 19:05:48.0 -6:05:49.6 CF 3839 -4.6 16.9 4 ? -
Table 2.3: SkyMapper symbiotics (SkySy) and SkyMapper symbiotic candidates (SkySyC) discovered through this work—and the previously known symbiotic
V1044 Cen, in which flickering was discovered through this work. Columns are described in the main text.
†We first reported SkySy 1-12 (Hen 3-1768) in Lucy et al. (2018).
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Name Giant He I [O III] He II O VI UVW2 (AB) UV flick. Akras criteria met?
SkySy
SkySy 1-1 M4 III y - y - 20.6 - yes, S, M giant in A5 Δ(K-W3)=0.025
SkySy 1-2 M6 III - - - - 16.9 y yes, S, M giant in A5 Δ(K-W3)=0.05
SkySy 1-3 S y y y - - - yes, S
SkySy 1-4 M6 III y y - - 17.8 y? yes, S
SkySy 1-5 M0.5 III y y - - - - yes, S
SkySy 1-6 M5 III - - - - 18.7 - yes, S, M giant in A5 Δ(K-W3)=0.016
SkySy 1-7 M0 III y - y - - - yes, S
SkySy 1-8 M6 III y y y y - - no, S+IR, Mira in A2, YSO in A3
SkySy 1-9 M7 III Mira y y - - - - no, S+IR, Mira in A2, YSO in A3
SkySy 1-10 K4 I y y - - - - yes, S, K giant in A5
SkySy 1-11 S y - - - 16.2 TBD yes, S
SkySy 1-12 K? y y y y - - yes, S
V1044 Cen M6 III y - - - 13.0 (M2) TBD yes, S
SkySyC
SkySyC 1-1 M6.5 III - ? - - 20.6 - no, S, Mira in A2
SkySyC 1-2 M8 III (Mira?) - - - - - - no, S, Mira in A2, YSO in A3
SkySyC 1-3 M4 III - - - - - - yes, S
SkySyC 1-4 Mira - - - - 20.8 - no, S, Mira in A2, WR in A4, WTT in A6
SkySyC 1-5 M4 III y - - - - - no, S, Mira in A2
SkySyC 1-6 M6.5 III - - - - - - no, S, Mira in A2
SkySyC 1-7 M5.5 III y - - - - - yes, S
SkySyC 1-8 M3 III - - - - 18.5 TBD yes, S, M giant in A5
SkySyC 1-9 M7.5 (Mira?) - - - - - - no, S, Mira in A2
SkySyC 1-10 M6 III - - - - 19.6 - yes, S
Table 2.4: Additional properties of the objects listed in Table 2.3. Columns are described in the main text.
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Name: SkySy or SkySyC identification number. We also include the known symbiotic V1044
Cen, since it exhibited evidence for flickering in SkyMapper.
Other name: The default name in SIMBAD when available—or in the case of V1044 Cen ≡
CD-36 8436, another common name by which it is sometimes known in the symbiotic star field.
RA Dec: The SkyMapper coordinates in J2000.
Select: Flag for SkyMapper selection mechanism employed, including targets selected by color-
color alone (C), targets selected by both color-color and rapid Δu (CF), and targets selected by both
color-color and rapid Δu but for which color-color alone would have been sufficient to select (Cf).
D: Bailer-Jones et al. (2018) Bayesian inference of the distance from Gaia DR2.
MJ: Absolute J magnitude from 2MASS J and the distance above.
u: SkyMapper u_psf magnitude from the dr2.master catalog.
HU |EW|: Absolute value of the HU equivelant width. HU is in emission in every case;21 normally
the equivelant width of emission would be negative, but we use the absolute value to improve the
clarity of inequalities.
Optical flick.: Flag for optical flickering in hours-long B-band light curves (Chapter 3).
X-rays: Flag for X-ray detections (which always include hard-components with photon energies
above 2.4 keV; Chapter 3).
Giant: Estimated spectral type of the donor star. S refers to s-process-enhances stars.
He I, [O III], He II, Raman O VI: Flags for emission lines from these ions.
UVW2 (AB): AB magnitude in the most recent usable Swift UVW2 observation (or UVM2 for
V1044 Cen). For UVW2, AB magnitude = UVOT Vega magnitude + 1.73.
UV flick.: Flag for possible evidence of UV variability in sparsely sampled Swift exposures sepa-
rated by hours.
Akras criteria met?: Flags for the decision trees that Akras et al. (2019) use to identify symbiotic
stars with IR color criteria (see our Chapter 3 for discussion). The first item says whether the
target lands in a symbiotic (yes) or mimic (no) dominated bin in Akras Figure 7, a general tree
21Except perhaps SkySyC 1-8.
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for disambiguating between symbiotics and mimics. The second item says whether the target
lands in a bin dominated by stellar-type (S), stellar-type with IR excess (S+IR), dusty type (D),
or dusty yellow type (D’) in Akras Figure 9, a tree for disambiguating between different kinds of
symbiotics. Then we note if the object failed to be identified as a symbiotic in any of the Akras
Figures A1 through A7, trees for disambiguating between symbiotics and specific types of mimics,
assuming that the object is either a symbiotic or the types of mimics addressed by the particular
decision tree. If a criterion was missed by a narrow margin, we note the difference between the
color of the object and the color that would be required to qualify as a symbiotic in that tree.
2.3.2.3 Target categories and their locations in parameter space
In Fig. 2.9, we present a summary figure illustrating the positions of our 234 targets (and known
symbiotics from Merc, Gális, & Wolf 2019b) in SkyMapper parameter space, split into different
categories of objects. Our spectral atlas (Fig. 2.10) is also split into the same categories, which in
general we determined by first associating objects together based on similar spectral morphologies,
and then trying to understand the physics underlying the categories that emerged, and the reasons
for their location in SkyMapper parameter space. The categories are:
i. SkyMapper symbiotics (SkySy) and SkyMapper symbiotic candidates (SkySyC), subject to
the criteria described above: The ones found through color-color alone are extremely well-
localized to a mostly-symbiotic zone in the lower right, to the point where one could draw a
zone in SkyMapper u-g u-v space in which 100% of the objects are symbiotics (although the
zone would be somewhat wiggly, which is why we do not draw it); as expected, it appears
that the hot component, whether burning or accreting-only, can cause symbiotics to have a
flatter slope in the short-wavelength spectrum probed by SkyMapper u, v, and g. Other SkySy
and SkySyC were found deeper in the color-color distribution using Δu combined with color
(Chapter 3).
ii. Post-AGB stars or hot stars: These are objects which we believe to be of spectral type A or F,
and which in most cases bear a strong resemblance to our spectra of a few known post-AGB
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Figure 2.9: Results of our optical spectroscopy on the 234 objects targeted in Fig. 2.7, overlayed on Fig. 2.5, summarizing the object categories outlined in the
spectral atlas (Fig. 2.10). These include newly reported SkyMapper symbiotics (SkySy), newly reported SkyMapper symbiotic candidates (SkySyC), post-AGBs
and other hot stars, superpositions of M-type TiO bands with a hot stellar spectrum, S stars and carbon stars, G0–8 I–III stars, K0–7 I–III stars, M0–8 I-III stars
(excluding Miras), Miras/suspected Miras, and a small miscellaneous group (including an AGN, a Wolf-Rayet, a PN, and an unclassified PN-like object). The
Merc, Gális, & Wolf (2019b) sample of previously known symbiotics is also included.
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stars that we ended up accidentally targeting. The most distinctive feature is what appears
to be extremely strong Balmer jump absorption. This is expected from yellow post-AGB
stars; the Balmer jump is very sensitive to surface gravity in the A–F temperature range, and
post-AGB stars are very low-mass and therefore have very low surface gravities (as discussed
by Bond 1997; see their Table 1, showing surface gravities for yellow post-AGBs of log(g)
in the range 0.4 to 1.25). The large number of post-AGBs in our sample and their location
in parameter space are somewhat unexpected, given the small number of SIMBAD-labeled
post-AGBs in our sample, which lie mostly further up with redder u-g color (Fig. 2.6) than
the post-AGBs we discovered here. Post-AGBs probably still have plenty of circumstellar
dust leftover from the AGB phase, and post-AGBs are very luminous, explaining how they
met our IR criteria. The extremely strong Balmer jump absorption explains why our post-
AGBs have very red u-v colors and were selected as outliers; in fact, Bond (1997) proposed
using a Gunn u-band filter, which is quite similar to SkyMapper’s Strömgren u, to find yellow
post-AGBs. We find that SkyMapper’s u and violet v filters, which are intentionally designed
to bracket the Balmer discontinuity, effectively implement Bond (1997)’s idea with an all-
sky survey, and are very effective tools for finding yellow post-AGBs. Interestingly, we did
not find any new symbiotic stars in this post-AGB and superpositions region of SkyMapper
parameter space, even though Hen 2-104 (the Southern Crab) is located in this region.
iii. Superpositions of M or K I–III stars with a hotter component, often resembling an A or F
star on the short-wavelength end and with TiO bands on the long-wavelength end: At least
a few of these are almost certainly spatial superpositions of unrelated stars. Others may be
genuine binaries comprised of an M giant and a luminous A or F star (cf. Neugent, Levesque,
& Massey 2018). It may also be possible that some are symbiotic stars in thermonuclear
outburst, with an expanded hot component photosphere (Kenyon 1986). We defer an investi-
gation into that possibility to future work.
iv. Miscellaneous objects, including one well-studied planetary nebula (PN), one Wolf-Rayet
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WC7/8 star, one AGN, and one unidentified PN-like spectrum: They are all located around
the known AGN region of SkyMapper parameter space from Fig. 2.6. We know how the
AGN got in the sample; we intentionally did not make cuts to remove AGN, but as discussed
earlier in this chapter, we could have. It is unclear how the other targets qualified on the basis
of both IR color and IR luminosity.
v. S and carbon stars: These are located near the known SIMBAD S and carbon stars labeled in
Fig. 2.6, but with slightly bluer u-g color. It is not clear why S and carbon stars overall are so
often blue outliers in u-v; higher SNR on the short-wavelength end of the spectrum would be
helpful towards answering that question.
vi. Various separate categories of G, K, M, Mira I-III stars: There is a high density of M giants in
the low-density color-color outskirts just above and to the left of the mostly-symbiotic zone in
the left panel. They comprise a wide range of temperatures, and it is unclear what made these
M giants stand out from the main distribution in the bright subsample. Miras are more widely
distributed, including in the vicinity of the lower-right tail of the color-color distribution.
Most stars in the highest-density concentration at the top of the color-color distribution are
isolated cool giants of various kinds. We will discuss the regions in which our Δu metric
worked to identify symbiotics, and where it did not work to identify symbiotics, in Chapter 3.
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Figure 2.10: (248 pages.) Spectral atlas of the 234 objects targeted in Fig. 2.7.
Turn to Chapter 3 to continue reading.
The entire Balmer series is denoted with vertical grey lines when any member of the Balmer series is in
emission. He I emission is denoted with vertical magenta lines (in order of how commonly they appear 5876Å,
6678Å, 5015Å, 7065Å, 4026Å, 4471Å, and 4922Å). [O III] emission is denoted with vertical thick green lines
(typically 5007Å, occasionally 4363Å). He II emission is denoted with vertical blue lines (4686Å). Other lines, such
as Raman O VI 6825Å and 7082Å are sometimes denoted with vertical red lines, with clarification in the object’s
comments section identifying the lines.
The target spectrum is in black, a Pickles (1998) template (as described in the text above each object, and
where noted, with an additional flat-spectrum component as described in the main text) fit to the pseudo-continuum
by inspection is in pale red. The target categories and parameter space plots are discussed earlier in this chapter; the
blue open circle next to each object spectrum denotes the position of the object in parameter space. The color-color
diagram includes only those objects with u brighter than the target or u brighter than 16, whichever is more inclusive.
The Δu plot is not shown next to targets for which a Δu metric was not available.
The “internal observing index” on each object is primarily for the author’s sake, not the reader’s; it is an in-
dication of the target’s location in color/color/u/Δu parameter space, used to reprioritize targets on-the-fly during the
observing run. _2 and _4 indices were selected by color+Δu with feff>3 and >2 respectively, _1, _5, _8, _9 by color
alone to increasing depths in color score (sometimes also exhibiting high Δu, but meeting the color criteria first in the
observing order), and _10 by Δu alone.
When cosmic rays have not been removed from the spectrum, their presence is noted in the comments (“CRs”).
Coordinates are the J2000 SkyMapper coordinates.
Additional spectra of some of these objects are available upon request. In some cases, the spectra extend to








Simbad name: WRAY 16-145, Internal observing index: c19_1
300.0 s exposure on UT 2019-06-25 19:04:18, airmass 1.108
De-reddened with E(B-V)=0.6
Pickles template: M4III + flat-spectrum constant 9.79e-15 erg/cm^2/s/Å





Simbad name: IRAS 15175-4508, Internal observing index: c1_2
600.0 s exposure on UT 2019-06-20 20:13:10, airmass 1.027
 
Pickles template: M6III





Simbad name: IRAS 15175-4508, Internal observing index: c1_2








Simbad name: WRAY 15-1356, Internal observing index: c14_1
600.0 s exposure on UT 2019-06-20 22:21:08, airmass 1.088
 
Pickles template: M5III and M6III + flat-spectrum constant 2.13e-15 erg/cm^2/s/Å





Simbad name: Haro 1-10, Internal observing index: c0_2
1200.0 s exposure on UT 2019-06-26 19:29:25, airmass 1.035
 
Pickles template: M6III + flat-spectrum constant 6.85e-16 erg/cm^2/s/Å





Simbad name: Haro 1-10, Internal observing index: c0_2
1500.0 s exposure on UT 2020-05-21 20:06:42, airmass 1.276
 






Internal observing index: c41_1
180.0 s exposure on UT 2019-06-26 18:21:27, airmass 1.197
De-reddened with E(B-V)=0.4






Internal observing index: c50_2
1200.0 s exposure on UT 2019-06-29 21:03:19, airmass 1.099
 
Pickles template: M5III





Simbad name: WRAY 15-1790, Internal observing index: c152_5








Internal observing index: c35_1
1200.0 s exposure on UT 2019-06-19 23:30:45, airmass 1.024
 
Pickles template: M6III + flat-spectrum constant 5.19e-15 erg/cm^2/s/Å





Simbad name: V* V589 CrA, Internal observing index: c22_1
600.0 s exposure on UT 2019-06-27 00:57:45, airmass 1.143
 
Pickles template: M7III + flat-spectrum constant 1.99e-15 erg/cm^2/s/Å





Simbad name: V* V1918 Sgr, Internal observing index: c24_1
600.0 s exposure on UT 2019-06-27 01:30:42, airmass 1.256
De-reddened with E(B-V)=0.3
Pickles template: K4I + flat-spectrum constant 6.51e-15 erg/cm^2/s/Å
Comments: Symbiotic K supergiant? PN in Simbad. Unusually strong [O III] 4363.




Simbad name: CSS 1102, Internal observing index: c119_5
180.0 s exposure on UT 2019-06-27 02:39:17, airmass 1.411
 
Pickles template: M4III





Simbad name: Hen 3-1768, Internal observing index: s660_15
300.0 s exposure on UT 2019-06-20 01:14:43, airmass 1.573
 
 





Simbad name: V* V1044 Cen, Internal observing index: s597_15
120.0 s exposure on UT 2019-06-19 19:58:33, airmass 1.095
 
Pickles template: M6III + flat-spectrum constant 4.77e-14 erg/cm^2/s/Å








Simbad name: IRAS 13224-5839, Internal observing index: c26_1
500.0 s exposure on UT 2019-06-25 18:46:14, airmass 1.138
De-reddened with E(B-V)=0.1






Simbad name: IRAS 13224-5839, Internal observing index: c26_1
1500.0 s exposure on UT 2020-05-21 17:45:19, airmass 1.224
De-reddened with E(B-V)=0.2
Pickles template: M6III and M7III
Comments: Second observation. Saturation on red end.




Simbad name: IRAS 15057-5252, Internal observing index: c173_5
1200.0 s exposure on UT 2019-06-29 17:12:31, airmass 1.146
De-reddened with E(B-V)=0.5






Simbad name: IRAS 15220-6952
1000.0 s exposure on UT 2018-03-19 08:23:45.7, airmass 1.27
 
Pickles template: M4III




Simbad name: V* KU Aps, Internal observing index: c54_2
400.0 s exposure on UT 2019-06-29 20:45:28, airmass 1.518
 
 





Simbad name: SS 316, Internal observing index: c150_5
540.0 s exposure on UT 2019-06-29 22:50:01, airmass 1.074
De-reddened with E(B-V)=0.42
Pickles template: M4III + flat-spectrum constant 1.54e-14 erg/cm^2/s/Å





Simbad name: IRAS 18237-2417, Internal observing index: c117_5
30.0 s exposure on UT 2019-06-23 22:40:36, airmass 1.012
400.0 s exposure on UT 2019-06-23 22:42:15, airmass 1.012
De-reddened with E(B-V)=0.35
Pickles template: M6III and M7III





Internal observing index: c30_1
60.0 s exposure on UT 2019-06-20 03:22:42, airmass 1.518
 
Pickles template: M6III and M5III + flat-spectrum constant 9.22e-15 erg/cm^2/s/Å





Internal observing index: c224_4
300.0 s exposure on UT 2019-06-30 00:11:06, airmass 1.051
 
Pickles template: M3III





Internal observing index: c5_2
1200.0 s exposure on UT 2019-06-26 23:20:54, airmass 1.036
 






Internal observing index: c4_2
1560.0 s exposure on UT 2019-06-21 02:12:38, airmass 1.362
De-reddened with E(B-V)=0.2
Pickles template: M6III








Internal observing index: c46_1
1500.0 s exposure on UT 2019-06-20 18:46:12, airmass 1.391
 
 





Internal observing index: c34_1
180.0 s exposure on UT 2019-06-23 17:34:53, airmass 1.186
 
 





Internal observing index: c252_8








Internal observing index: c38_1
600.0 s exposure on UT 2019-06-23 17:45:58, airmass 1.177
 






Simbad name: HD 304292, Internal observing index: c9_1
180.0 s exposure on UT 2019-06-20 19:45:16, airmass 1.396
 
Pickles template: M5III and B9III





Internal observing index: c286_8








Internal observing index: c250_8








Internal observing index: c164_5
60.0 s exposure on UT 2019-06-26 17:58:26, airmass 1.24
 
 





Simbad name: TYC 8656-2386-1, Internal observing index: c28_1
600.0 s exposure on UT 2019-06-20 21:27:32, airmass 1.4
 
 





Internal observing index: c314_9








Internal observing index: c326_9








Simbad name: HD 123356, Internal observing index: c327_9








Internal observing index: c45_1








Simbad name: TYC 8709-906-1, Internal observing index: c311_9








Simbad name: TYC 8722-2328-1, Internal observing index: c248_8








Internal observing index: c305_9








Internal observing index: C289_9
750.0 s exposure on UT 2020-06-30 23:35:09, airmass 1.227
 






Internal observing index: c33_1








Internal observing index: c232_4








Internal observing index: c195_4








Internal observing index: c36_1
400.0 s exposure on UT 2019-06-27 00:02:23, airmass 1.128
 
Pickles template: M7III and F5V





Internal observing index: c251_8
1250.0 s exposure on UT 2020-05-25 01:14:23, airmass 1.066
1250.0 s exposure on UT 2020-05-25 01:14:23, airmass 1.066
 
 





Simbad name: OGLE BLG-LPV-106333, Internal observing index: c157_5
550.0 s exposure on UT 2020-05-25 02:21:08, airmass 1.108
 
 





Simbad name: TYC 7899-9071-1, Internal observing index: c255_8








Internal observing index: c31_1








Internal observing index: c39_1
360.0 s exposure on UT 2019-06-21 00:50:42, airmass 1.103
 






Simbad name: HD 314436, Internal observing index: c27_1








Simbad name: BD-22  4883, Internal observing index: c140_5








Internal observing index: c249_8
240.0 s exposure on UT 2019-06-26 16:46:43, airmass 1.162
 
Pickles template: M3III





Internal observing index: c287_9
680.0 s exposure on UT 2020-06-25 00:27:20, airmass 1.209
 
 





Internal observing index: c32_1
1000.0 s exposure on UT 2019-06-21 00:21:45, airmass 1.06
 
Pickles template: M6III





Internal observing index: c44_1
60.0 s exposure on UT 2019-06-20 02:28:34, airmass 1.374
 
Pickles template: K5III





Simbad name: SK  182, Internal observing index: c10_1
30.0 s exposure on UT 2019-06-27 05:05:27, airmass 1.322
 
 
Comments: Ambiguous; twilight spectrum.
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Simbad name: LIN 495, Internal observing index: c122_5
300.0 s exposure on UT 2019-06-27 04:35:12, airmass 1.343
 
 
Comments: In Simbad: candidate post-AGB, candidate AGB, spectral type A5kF0/B[e].




Internal observing index: c279_8








Internal observing index: c257_8
340.0 s exposure on UT 2020-05-24 19:45:46, airmass 1.143
 
Pickles template: A0IV





Simbad name: V* AF Crt, Internal observing index: c139_5
540.0 s exposure on UT 2019-06-24 16:49:13, airmass 1.107
 
 





Simbad name: V* SX Cen, Internal observing index: c168_5
30.0 s exposure on UT 2019-06-24 18:37:02, airmass 1.116
 
 





Internal observing index: c307_9








Internal observing index: c288_9








Internal observing index: c276_8








Simbad name: TYC 8709-2641-1, Internal observing index: c124_5








Simbad name: IRAS 16181-5736, Internal observing index: c113_5








Internal observing index: c253_8








Simbad name: IRAS 16559-2957, Internal observing index: c136_5
700.0 s exposure on UT 2020-07-01 00:41:26, airmass 1.468
 
 





Simbad name: IRAS 17233-4330, Internal observing index: c128_5
300.0 s exposure on UT 2019-06-27 02:13:00, airmass 1.656
 
 





Simbad name: V* UY Ara, Internal observing index: c254_8
120.0 s exposure on UT 2020-05-25 00:10:46, airmass 1.129
 
Pickles template: G2I and G5I





Simbad name: TYC 7899-9071-1, Internal observing index: c255_8
1620.0 s exposure on UT 2020-06-25 01:21:05, airmass 1.191
 
 





Internal observing index: c143_5








Internal observing index: c135_5








Simbad name: HD 174868, Internal observing index: c134_5
30.0 s exposure on UT 2019-06-27 03:19:05, airmass 1.8
30.0 s exposure on UT 2019-06-27 03:19:05, airmass 1.8
 
Pickles template: M1III





Internal observing index: c155_5








Internal observing index: c193_4
300.0 s exposure on UT 2019-06-29 19:02:24, airmass 1.145
 
 





Internal observing index: c148_5








Internal observing index: c181_4








Internal observing index: c145_5








Internal observing index: c159_5








Simbad name: V* MV Sgr, Internal observing index: c18_1
900.0 s exposure on UT 2019-06-20 23:30:38, airmass 1.02
 
 





Simbad name: CPD-75   116, Internal observing index: c11_1
30.0 s exposure on UT 2019-06-27 05:09:18, airmass 1.36
De-reddened with E(B-V)=0.2
Pickles template: A2I





Simbad name: WRAY 15-659, Internal observing index: c13_1








Simbad name: WRAY 15-1125, Internal observing index: c15_1








Internal observing index: c2_2








Simbad name: SSTISAGEMA J011721.40-723049.4, Internal observing index: c126_5
600.0 s exposure on UT 2019-06-27 04:18:31, airmass 1.327
 
 





Simbad name: [MA93] 1810, Internal observing index: c17_1
400.0 s exposure on UT 2019-06-27 04:44:39, airmass 1.333
 
Pickles template: A3III





Simbad name: SK  166, Internal observing index: c12_1
360.0 s exposure on UT 2019-06-27 04:55:29, airmass 1.341
 
Pickles template: A2V





Internal observing index: c43_1
700.0 s exposure on UT 2019-06-27 01:50:42, airmass 1.422
 
Pickles template: G0III








Internal observing index: c133_5
300.0 s exposure on UT 2019-06-23 23:18:20, airmass 1.183
De-reddened with E(B-V)=0.9






Internal observing index: c365_10








Internal observing index: c79_2








Internal observing index: c59_2








Internal observing index: c243_4








Internal observing index: c77_2








Internal observing index: c226_4
600.0 s exposure on UT 2019-06-29 18:25:52, airmass 1.169
De-reddened with E(B-V)=0.8






Internal observing index: c368_10
410.0 s exposure on UT 2020-05-28 02:36:09, airmass 1.027
 






Internal observing index: c61_2
1300.0 s exposure on UT 2020-05-22 00:57:30, airmass 1.132
De-reddened with E(B-V)=0.25






Internal observing index: c223_4








Internal observing index: c213_4








Internal observing index: c53_2








Internal observing index: c60_2








Internal observing index: c66_2








Internal observing index: c69_2








Internal observing index: c76_2








Simbad name: IRAS 10379-5544, Internal observing index: c178_5
300.0 s exposure on UT 2019-06-25 17:19:52, airmass 1.203
De-reddened with E(B-V)=0.6






Internal observing index: c177_5
300 s exposure on UT 2019-06-24 20:52:07, airmass 1.337
De-reddened with E(B-V)=0.5






Internal observing index: c97_2
1170.0 s exposure on UT 2020-05-24 02:17:01, airmass 1.052
 






Internal observing index: c68_2
540.0 s exposure on UT 2019-06-30 00:27:12, airmass 1.07
 






Internal observing index: c81_2








Internal observing index: c203_4








Internal observing index: c104_2








Internal observing index: c245_4








Internal observing index: c92_2








Simbad name: IRAS 13146-5708, Internal observing index: c266_8
360.0 s exposure on UT 2020-05-23 21:14:01, airmass 1.147
De-reddened with E(B-V)=0.15






Simbad name: IRAS 16168-3713, Internal observing index: c112_5
180.0 s exposure on UT 2019-06-27 00:15:01, airmass 1.396
De-reddened with E(B-V)=0.8
Pickles template: M4III and M5III





Simbad name: IRAS 17585-0223, Internal observing index: c160_5
360.0 s exposure on UT 2020-06-25 00:48:15, airmass 1.417
De-reddened with E(B-V)=0.75






Simbad name: MSX6C G029.1897-04.8654, Internal observing index: c260_8
840.0 s exposure on UT 2020-06-25 02:09:20, airmass 1.458
De-reddened with E(B-V)=0.5






Internal observing index: c153_5
120.0 s exposure on UT 2019-06-30 02:53:37, airmass 1.887
De-reddened with E(B-V)=0.8






Internal observing index: c366_10
900.0 s exposure on UT 2020-05-28 02:11:12, airmass 1.12
De-reddened with E(B-V)=0.1






Internal observing index: c301_9








Simbad name: IRAS 14508-5249, Internal observing index: c280_8








Internal observing index: c334_9








Simbad name: IRAS 17459-1931, Internal observing index: c176_5








Simbad name: IRAS 17471-1543, Internal observing index: c172_5
120.0 s exposure on UT 2019-06-29 23:04:24, airmass 1.084
De-reddened with E(B-V)=0.7
Pickles template: M5III





Internal observing index: c216_4








Simbad name: IRAS 18557-0459, Internal observing index: c115_5








Simbad name: IRAS 20142-0159, Internal observing index: c67_2








Internal observing index: c321_9
150.0 s exposure on UT 2019-07-02 16:51:56, airmass 1.213
 
Pickles template: M5III and M6III + flat-spectrum constant 2.52e-15 erg/cm^2/s/Å





Simbad name: IRAS 11543-5811, Internal observing index: c149_5
30.0 s exposure on UT 2019-06-24 19:28:10, airmass 1.311
De-reddened with E(B-V)=0.5
Pickles template: M5III and M6III





Simbad name: UCAC2   1861569, Internal observing index: c175_5
300.0 s exposure on UT 2019-06-26 16:57:51, airmass 1.254
De-reddened with E(B-V)=0.1






Simbad name: IRAS 13412-6515, Internal observing index: c274_8
160.0 s exposure on UT 2019-07-02 18:40:46, airmass 1.213
De-reddened with E(B-V)=0.3






Simbad name: IRAS 14508-5543, Internal observing index: c146_5
300.0 s exposure on UT 2019-06-25 18:34:17, airmass 1.101
De-reddened with E(B-V)=0.6






Internal observing index: c233_4
1200.0 s exposure on UT 2019-06-29 21:58:58, airmass 1.005
De-reddened with E(B-V)=0.1
Pickles template: M5III and M6III





Simbad name: IRAS 10169-5212, Internal observing index: c156_5








Simbad name: IRAS 10306-6239, Internal observing index: c270_8








Simbad name: IRAS 10588-5703, Internal observing index: c147_5








Simbad name: IRAS 11054-6756, Internal observing index: c309_9
200.0 s exposure on UT 2019-07-02 17:18:43, airmass 1.323
De-reddened with E(B-V)=0.3
Pickles template: M6III





Internal observing index: c37_1








Simbad name: IRAS 11205-5915, Internal observing index: c258_8
820.0 s exposure on UT 2020-05-27 18:04:35, airmass 1.127
De-reddened with E(B-V)=0.1
Pickles template: M6III





Simbad name: IRAS 11260-5814, Internal observing index: c318_9








Simbad name: IRAS 12025-7446, Internal observing index: c292_9
680.0 s exposure on UT 2020-06-25 18:09:19, airmass 1.401
 
Pickles template: M6III





Simbad name: IRAS 13018-5921, Internal observing index: c123_5








Simbad name: IRAS 14338-6441, Internal observing index: c125_5








Simbad name: IRAS 15285-6200, Internal observing index: c323_9








Internal observing index: c132_5








Internal observing index: c230_4








Internal observing index: c306_9








Internal observing index: c198_4








Simbad name: IRAS 16581-4854, Internal observing index: c121_5








Internal observing index: c3_2








Simbad name: V* KR Oph, Internal observing index: c283_8
510.0 s exposure on UT 2020-06-24 23:02:17, airmass 1.053
De-reddened with E(B-V)=0.3
Pickles template: M6III





Internal observing index: c151_5








Internal observing index: c234_4








Simbad name: IRAS 18183-7513, Internal observing index: c49_2
360.0 s exposure on UT 2019-06-20 01:42:57, airmass 1.452
 
Pickles template: M6III





Internal observing index: c174_5








Internal observing index: c214_4








Internal observing index: c52_2








Internal observing index: c196_4








Simbad name: IRAS 19046-0230, Internal observing index: c144_5








Simbad name: IRAS 19079-0231, Internal observing index: c171_5








Simbad name: IRAS 10270-5336, Internal observing index: c130_5
300.0 s exposure on UT 2019-06-23 18:35:22, airmass 1.377
De-reddened with E(B-V)=0.15






Simbad name: IRAS 10584-5156, Internal observing index: c141_5
1200.0 s exposure on UT 2019-06-26 17:27:06, airmass 1.176
De-reddened with E(B-V)=0.5






Simbad name: IRAS 11207-7204, Internal observing index: c278_8
1150.0 s exposure on UT 2020-05-27 18:57:19, airmass 1.331
De-reddened with E(B-V)=0.15
Pickles template: M6III and M7III





Simbad name: IRAS 11207-5909, Internal observing index: c129_5
30.0 s exposure on UT 2019-06-24 17:43:54, airmass 1.193
400.0 s exposure on UT 2019-06-24 17:44:47, airmass 1.198
De-reddened with E(B-V)=0.4
Pickles template: M6III and M7III





Simbad name: IRAS 12360-7927, Internal observing index: c261_8
960.0 s exposure on UT 2020-05-27 20:04:10, airmass 1.491
De-reddened with E(B-V)=0.1






Internal observing index: c265_8
120.0 s exposure on UT 2019-07-02 18:33:55, airmass 1.219
De-reddened with E(B-V)=0.35






Simbad name: IRAS 14107-5336, Internal observing index: c170_5
360.0 s exposure on UT 2019-06-24 21:03:16, airmass 1.199
De-reddened with E(B-V)=0.4






Simbad name: IRAS 14412-6718, Internal observing index: c329_9
120 s exposure on UT 2019-07-02 18:48:10, airmass 1.224
De-reddened with E(B-V)=0.3






Internal observing index: c197_4
1200.00 s exposure on UT 2019-06-23 21:40:55, airmass 1.02
De-reddened with E(B-V)=0.6






Simbad name: IRAS 17423-3723, Internal observing index: c127_5
900.0 s exposure on UT 2020-05-25 01:52:58, airmass 1.073
De-reddened with E(B-V)=0.5
Pickles template: M6III and M7III





Internal observing index: c163_5
120.0 s exposure on UT 2019-06-29 23:58:33, airmass 1.074
De-reddened with E(B-V)=0.5






Internal observing index: c187_4
900.0 s exposure on UT 2019-06-30 00:41:30, airmass 1.137
De-reddened with E(B-V)=0.2
Pickles template: M6III and M7III





Internal observing index: c7_2








Simbad name: IRAS 18539-0713, Internal observing index: c229_4








Simbad name: IRAS 11359-5759A, Internal observing index: c158_5
990.0 s exposure on UT 2020-05-24 18:59:36, airmass 1.127
 








Simbad name: V* HH Ara, Internal observing index: c281_8
1800.0 s exposure on UT 2020-06-24 23:39:22, airmass 1.195
1800.0 s exposure on UT 2020-06-24 23:39:22, airmass 1.195
 
Pickles template: M5III
Comments: Blue line is the spectrum, black line is unphysically reddened with E(B-V)=0.55.




Simbad name: V* V1339 Cen, Internal observing index: c6_2
440.0 s exposure on UT 2019-06-23 19:49:23, airmass 1.036
440.0 s exposure on UT 2019-06-23 19:56:47, airmass 1.043
 
Pickles template: M5III and M6III





Simbad name: IRAS 19166-0220, Internal observing index: c111_5
160.0 s exposure on UT 2019-06-27 02:57:02, airmass 1.783
De-reddened with E(B-V)=0.6
Pickles template: M5III and M6III





Simbad name: V* AO Aql, Internal observing index: c109_5
300.0 s exposure on UT 2019-06-27 02:27:18, airmass 1.592
De-reddened with E(B-V)=0.7
Pickles template: M6III





Simbad name: V* HL Tel, Internal observing index: c328_9
720.0 s exposure on UT 2020-06-26 00:52:18, airmass 1.073
 
Pickles template: M6III





Simbad name: IRAS 14550-5503, Internal observing index: c167_5
400.0 s exposure on UT 2019-06-24 21:49:09, airmass 1.21
De-reddened with E(B-V)=0.6
Pickles template: M6III and M7III





Simbad name: IRAS 16319-5251, Internal observing index: c271_8
1200.0 s exposure on UT 2020-06-30 21:17:21, airmass 1.077
De-reddened with E(B-V)=0.3
Pickles template: M6III and M7III





Simbad name: V* VW Aqr, Internal observing index: c212_4
1300.0 s exposure on UT 2020-06-25 03:00:32, airmass 1.275
 
Pickles template: M7III and M8III





Simbad name: V* RS Phe, Internal observing index: c219_4
300.0 s exposure on UT 2019-06-30 03:56:47, airmass 1.132
 
Pickles template: M8III





Simbad name: V* FG Lup, Internal observing index: c20_1
450.0 s exposure on UT 2019-06-26 18:07:47, airmass 1.049
 
Pickles template: M8III





Simbad name: IRAS 17365-2046, Internal observing index: c131_5
540.0 s exposure on UT 2019-06-29 22:25:48, airmass 1.036
 
Pickles template: M8III





Simbad name: IRAS 19115-0856, Internal observing index: c275_8
1700.0 s exposure on UT 2020-07-01 01:17:08, airmass 1.251
De-reddened with E(B-V)=0.4
Pickles template: M8III
Comments: Saturation on red end, aperture trace lost on blue end.
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Simbad name: V* IR Vel, Internal observing index: c108_5
60.0 s exposure on UT 2019-06-25 17:45:01, airmass 1.297
 
 





Simbad name: WRAY 18-221, Internal observing index: c114_5
30.0 s exposure on UT 2019-06-24 17:29:15, airmass 1.177
480.0 s exposure on UT 2019-06-24 17:30:02, airmass 1.184
 
 
Comments: Several ZrO bandheads, minimal TiO. Saturation in second exposure.




Simbad name: V* V600 Car, Internal observing index: c161_5
300.0 s exposure on UT 2019-06-25 18:08:39, airmass 1.365
 
Pickles template: M6III





Simbad name: WRAY 18-250, Internal observing index: c120_5
300.0 s exposure on UT 2019-06-26 17:10:48, airmass 1.069
 
 





Simbad name: MC79 2-21, Internal observing index: c110_5
600.0 s exposure on UT 2019-06-24 19:51:44, airmass 1.279
 
 





Simbad name: WRAY 18-294, Internal observing index: c138_5
410.0 s exposure on UT 2020-05-27 23:48:28, airmass 1.197
 
 







Internal observing index: c64_2








Internal observing index: c55_2
600.0 s exposure on UT 2019-06-30 03:39:46, airmass 1.082
 






Simbad name: TYC 8625-748-1, Internal observing index: c302_9
120.0 s exposure on UT 2019-07-02 16:43:44, airmass 1.141
 
 





Internal observing index: c72_2








Internal observing index: c107_2








Internal observing index: c166_5








Simbad name: IRAS 14282-6600, Internal observing index: c277_8








Internal observing index: c84_2








Simbad name: IRAS 15115-5102, Internal observing index: c330_9








Internal observing index: c96_2








Internal observing index: c204_4








Internal observing index: c244_4








Internal observing index: c65_2








Simbad name: [GBM90] L1755 22, Internal observing index: c217_4








Internal observing index: c88_2








Internal observing index: c80_2
200.0 s exposure on UT 2019-06-24 22:15:09, airmass 1.027
 
 





Internal observing index: c71_2








Internal observing index: c42_1








Internal observing index: c93_2








Internal observing index: c89_2








Internal observing index: c87_2
600.0 s exposure on UT 2019-06-21 01:46:52, airmass 1.252
 






Internal observing index: c191_4
30.0 s exposure on UT 2019-06-23 22:30:56, airmass 1.107








Internal observing index: c58_2
540.0 s exposure on UT 2019-06-29 23:38:00, airmass 1.024
 






Internal observing index: c99_2








Internal observing index: c48_2








Internal observing index: c102_2








Internal observing index: c103_2
900.0 s exposure on UT 2020-05-23 03:30:37, airmass 1.109








Internal observing index: c90_2








Internal observing index: c73_2








Internal observing index: c78_2








Internal observing index: c369_10








Internal observing index: c98_2








Internal observing index: c391_10








Internal observing index: c83_2








Simbad name: TYC 5179-100-1, Internal observing index: c91_2
130.0 s exposure on UT 2019-06-20 03:32:50, airmass 1.323
 








Simbad name: UCAC2    474251, Internal observing index: c94_2








Internal observing index: c106_2










Simbad name: PN H  2-1, Internal observing index: c23_1
300.0 s exposure on UT 2019-06-26 23:50:52, airmass 1.169
 
 





Simbad name: TYC 8735-533-1, Internal observing index: c25_1








Simbad name: HD 119078, Internal observing index: c29_1
10.0 s exposure on UT 2019-06-20 19:29:29, airmass 1.239
 
 





Internal observing index: c40_1
1200.0 s exposure on UT 2019-06-24 18:47:56, airmass 1.208
 
 
Comments: Likely AGN. Tracking issues.
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Chapter 3: Unearthed by uvg survey photometry II: the detection of
accreting-only (and other) symbiotic stars
In Chapter 1, we discussed the two main ways of directly detecting accretion flows in a sym-
biotic star: optical and/or UV accretion disk flickering on timescales from minutes to hours, and
hard X-rays from the boundary layer between the accretion disk and the surface of the accreting
WD. The luminous cool giant companion makes the detection of optical flickering more difficult by
dominating the optical flux, and nuclear burning on the surface of the WD both outshines flickering
and Compton-cools the boundary layer. Nevertheless, accretion disk observables can sometimes
be detected from accreting-only symbiotic stars, in which there is no shell-burning on the WD to
overwhelm them. Prior to 2021, optical flickering had been reported in only 10 or 11 symbiotics1
(Zamanov et al. 2017; Snaid et al. 2018), evidence2 for UV flickering in up to another ∼10 or so
symbiotics (Luna et al. 2013; Mukai et al. 2016; Lucy et al. 2020), and hard X-rays in around 23
symbiotics3 often coinciding with optical or UV flickering (Luna et al. 2013; Mukai et al. 2016).
In Chapter 2, we discovered 22 symbiotics and symbiotic candidates using colors and rapid
variability from SkyMapper Southern Sky Survey photometry. Many of them lacked the high-
ionization lines that generally accompany WD shell burning, and several exhibited evidence for
flickering in the 2–3 u-band exposures observed within a SkyMapper Main Survey filter sequence.
It was with the same technique that we discovered that a previously-known symbiotic, V1044 Cen
(CD-36 8436), also exhibited evidence for flickering in its SkyMapper filter sequence.
Now, we turn towards the direct observation of accretion disks within this sample—and then,
with all available information in-hand, towards interpreting the overall results of our search.
1Excluding the fully coherent pulsations of Z And (Sokoloski & Bildsten 1999), which is not flickering.
2Often, though not always, reliant on sparser cadences longer than an hour.
3Including some neutron star accretors.
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3.1 Target selection, observations, and data reduction
3.1.1 Optical light curves
We were awarded 102 hours on the Las Cumbres Observatory (LCOGT; Brown et al. 2013;
proposal LCO2020B-009 in semester 2020B), using the Sinistro cameras on the global network of
1-meter telescopes to carry out 3–5 hour light curves on SkySy and SkySyC targets from Table 2.3,
in search of optical flickering. The proprietary period on these data will end by 2022 February 1,
at which time they will be publicly available on the LCOGT Science Archive. Sinistro images
are ideal for our purposes: with their large, 26.5 by 26.5 arcmin field of view, 0.389 arcsec pixel
scale, and relatively short overhead time (28 seconds per image), they provide the abundance of
check stars, spatial resolution, and high cadence that make it easier to determine whether stochastic
flickering is real or the result of systematics.
Due to partial network closures during the pandemic, LCOGT was heavily oversubscribed
relative to the amount of time awarded in 2020B, with the subscription factor a strong function
of sky coordinates, and many of our observations did not get scheduled into the queue. Because
of this oversubscription, we were only able to utilize 68 hours of our allocation, and our goal of
obtaining B-band lightcurves all SkySy and SkySyC targets visible during 2020B and brighter
than B=17 was not achieved. Our goal of observing each target in U-band from another network
telescope for an hour of the B-band light curve, using the 17-hour portion of our time that was
awarded at the Time Critical level, was also not achieved.
We did observe B-band LCOGT light curves for seven targets that exhibited rapid Δu of at
least 2feff within a SkyMapper filter sequence (SkySy 1-2, 1-4, 1-6, 1-11; SkySyC 1-8, 1-10; and
V1044 Cen ≡ CD-36 8436), and four additional targets for which such variability data was not
available in SkyMapper (SkySy 1-10; SkySyC 1-1, 1-5, and 1-6). For SkySy 1-2, SkySyC 1-8, and
one of our V1044 Cen light curves, we were also able to obtain some U-band data simultaneous
to the B-band light curve. Observational metadata for our light curves is tabulated in Table 3.1.
Some queue-scheduled observations with extremely poor data quality due to weather are omitted
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Target Filter Start time Obs.* Exp.† Length Comparison star+ Primary check star+ Flick.
UT (s) (hr)
SkySy 1-2 B 2020-08-10 17:15:28 CPT 32 3.8 TYC 8294-2276-1 230.2085 -45.3253 yes
" U 2020-08-10 18:55:22 " 92 1.0 " " yes?
SkySy 1-4 B 2020-07-25 17:34:30 " 57 4.9 246.9642 -29.2877 246.9389 -29.2620 yes
SkySy 1-6 B 2020-09-08 17:18:07 " 80 3.4 256.8155 -56.9065 256.7938 -56.8977 yes?
" " 2020-09-09 17:47:44 " 80 3.1 " " yes
SkySy 1-10 B 2020-07-24 20:30:33 " 32 4.8 279.4726 -20.7615 279.3948 -20.9112 no
SkySy 1-11 B 2020-07-27 20:43:00 " 32 3.3 286.5007 -21.1505 286.5049 -21.1303 yes
V1044 Cen B 2021-01-18 05:45:45 LSC 9 2.9 TYC 7275-1680-1 TYC 7275-1145-1 yes?
" U 2021-01-18 06:03:45 " 32 2.8 " " yes?
" B 2021-01-29 23:15:34 CPT 9 3.2 " " yes?
SkySyC 1-1 B 2021-01-23 05:40:31 LSC 32 3.0 201.3881 -58.9061 201.4832 -58.9689 no
SkySyC 1-5 B 2020-07-19 17:25:12 CPT 32 4.8 264.2552 -18.1159 264.2662 -18.0856 maybe?
SkySyC 1-6 B 2020-07-24 20:24:45 " 32 2.9 TYC 6857-560-1 276.7064 -24.2478 no
SkySyC 1-8 B 2020-09-03 17:45:37 " 32 4.8 TYC 6860-673-1 284.0394 -23.4420 no
" U 2020-09-03 18:44:23 " 112 1.0 " " no
SkySyC 1-10 B 2020-08-07 18:55:36 " 57 4.9 286.3946 -6.0462 286.4091 -6.0470 no
Table 3.1: Observational metadata for our LCOGT light curves.
* CPT is the SAAO site in the LCOGT network, LSC is the Cerro Tololo Interamerican Observatory site in the LCOGT network. Both sites have three
1-meter telescopes each, in separate domes, although some telescopes were inoperable. Simultaneous U-band observations were, unfortunately, all
collected from a neighboring dome at the same site as their corresponding B-band observation.
† The cadence is the listed exposure time plus an overhead of about 28 seconds per exposure.
+ Comparison and primary check stars are given as SIMBAD names where available, otherwise degrees R.A. decl. in J2000.
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from this table and our reported results.
We utilized the reductions performed automatically by the BANZAI pipeline maintained by
the LCOGT (McCully et al. 2018). After image processing, the BANZAI pipeline performs source
extraction using SEP (Barbary 2016), with outputs including the integrated flux for each source
in the image from an adaptively scaled Kron ellipse aperture (equivalent to Source Extractor’s
FLUX_AUTO) 4 and a bitmap data quality flag for each source in the image.
For each light curve of each target, we performed the following steps (mostly programatically,
in the ASTROPY package; Astropy Collaboration et al. 2013; Astropy Collaboration et al. 2018) to
obtain light curves for the target, a primary check star, and at least 40 secondary check stars:
i. Using VizieR in SIMBAD (Wenger et al. 2000), we identified a bright comparison star with
similar optical colors (and, where possible, a red spectral type) and a primary check star with
similar flux and similar optical colors. These are listed in Table 3.1.
ii. In the first image of the light curve, we determined the coordinates of around 50 or so sec-
ondary check stars with SEP fluxes closest to the target’s SEP flux, so that at least 40 check
stars would be left after quality cuts.
iii. We created light curves of the SEP flux for the target and each of the check stars using a
cross-matching5 radius of 2 arcsec to capture the SEP catalog index for a given source in
each image, dividing each measurement by the flux in that image of the bright comparison
star chosen in the previous step. In this process, we discarded any images in which the target
was lost. If the SEP source detection algorithm lost a check star in one image where the
target was not lost, if more than 10% of a check star’s light curve was flagged by the pipeline
as having data quality issues (anything other than flag=0), or if a check star ever came within
100 pixels of the edges of the image, we discarded that check star.
4See the well-commented source code for this SEP routine at https://github.com/LCOGT/banzai/
blob/master/banzai/photometry.py for details.
5We subsequently checked our results with much smaller cross-matching radii.
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iv. We normalized the resultant light curves (of flux divided by the comparison star’s flux) to
each light curve’s median.
v. For each target, along with its comparison star, primary check star, and secondary check
stars, we removed (after first inspecting) any data points flagged with data quality issues by
SEP. In each light curve, we also removed up to one manually-determined outlying non-
flagged suspicious measurement per source6 isolated from neighboring measurements by at
least 5% of the light curve’s median flux.
vi. In addition to the light curves, we output the time-dependent curves of the diagnostics output
by SEP within the BANZAI pipeline for manual inspection, including for each source the
sky and image coordinates, fixed-aperture extractions of 1 and 6 arcsec radius, the subtracted
background, the full-width-half-max (FWHM) and major and minor axes, the Kron radius,
and the ellipticity and its angular orientation.
vii. To validate the pipeline results for SkySy 1-2, 1-4, 1-6, 1-11, and V1044 Cen, we per-
formed fixed-aperture photometry of the target, comparison star, and primary check star in
AstroImageJ (Collins et al. 2017), and examined the resultant light curves and output diag-
nostics. We tested aperture radii of 10, 20, and 40 pixels (4, 8, 16 arcsec).
3.1.2 UVOT exposures
Over the course of our search for symbiotic stars, we were awarded Swift UltraViolet and Op-
tical Telescope (UVOT) UVW2 exposures on a total of 9 SkySy and SkySyC as Target of Opportu-
nity time. These data are public. We list the UVW2 AB magnitudes for these targets in Table 2.4,
using the online Swift UVOT Imaging Tool on the Space Science Data Center multi-mission in-
teractive archive. We obtained the UVOT Vega magnitude from the most recent observation ID
with good data quality, then converted the Vega magnitudes to the AB system using the Swift zero
6In one unusual case, a source with two non-adjacent points outlying from their respective neighbors by more than
50%, we made an exception and removed both points.
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points.7
Where sufficient flux was present to plausibly check for flickering, we performed a preliminary
aperture extraction with UVOTMAGHIST in HEASOFT with a standard 5-arcsec radius aperture
and a background region carefully chosen to be free of sources. Observation IDs with severe
tracking issues and loss of lock (in particular, the first 9 ks on SkySy 1-2), or where bright neighbors
cast ghost images on the target, were discarded.
3.1.3 X-ray exposures
The Swift X-ray Telescope (XRT) observes simultaneously to UVOT in each exposure, and we
checked for X-ray detections of our targets using the online Swift-XRT data products generator8.
Where a source was detected or could be centroided, we extracted a spectrum from the co-addition
of all available exposures using the online tool.
Following a 2f X-ray detection of SkySy 1-2 in Swift XRT and a preliminary 4f detection of
UVW2 flickering in SkySy 1-4 in Swift UVOT, we were awarded Director’s Discretionary Time
(DDT; proposal 21308721) on the Chandra X-ray Observatory for 10 ks on SkySy 1-2 and 25 ks
on SkySy 1-4. The targets were observed in Cycle 21 on the S3 chip on ACIS-S without a grating,
in Timed Exposure mode with Very Faint telemetry. The on-source time for SkySy 1-2 was 9.72 ks
starting on UT 2020 August 19 6:11:40, and the on-source time for SkySy 1-4 was 23.06 ks starting
on UT 2020 September 10 16:43:25. We extracted the spectra following standard procedures with







We detected B-band variability on timescales of minutes—flickering—in our LCOGT light
curves with very high confidence in SkySy 1-2, 1-4, 1-6, and 1-11, and with moderate confidence
in V1044 Cen. All these exhibited rapid Δu above 2feff in our SkyMapper parameter space. The
light curves of the flickerers (and SkySyC 1-5, discussed below) are shown in the left panels of
Fig. 3.1 and Fig. 3.2. We also plot each primary check star’s light curve, and the bright comparison
stars’ FWHM, a measure of the seeing. Our results remain identical in our fixed large-aperture
extraction validation tests with AstroImageJ, with the exception of the 16 arcsec radius extraction
of the dimmer SkySy 1-4 (which becomes dominated by noise, but the 8 arcsec radius extraction
shows clear flickering) and the 16 arcsec radius extraction of SkySyC 1-5 (which likewise becomes
dominated by noise, but the 8 arcsec radius extraction looks the same as the normal reduction). In
cases where relationships between the flux and the seeing are of any possible concern, we overplot
the 16 arcsec radius AstroImageJ extractions.
In the right panels of Fig. 3.1 and Fig. 3.2, inspired by the root mean square (RMS) plot in
Zamanov et al. (2017), we calculate and plot the RMS (with NUMPY.STD, ignoring uncertainties)
of the calibrated and normalized light curve of each target flickerer and its 40 or so similarly-bright
check stars. The units of the RMS are in fraction of median flux. The expected statistical behavior
in these plots is for the check stars to have small RMS at high count rates, rising at low count
rates. The RMS of the flickering targets SkySy 1-2, 1-4, 1-6, 1-11, and V1044 Cen is consistently
higher than all 40 check stars in each field, with minor exceptions: In SkySy 1-4 (Fig. 3.1, second
row), there is one outlier check star with higher RMS than the target, but unlike the target star, the
anomalous check star’s variability vanishes with a fixed-aperture AstroImageJ extraction—even at
4 arcsec radius, while SkySy 1-4 remains flickering at 8 arcsec radius9. Likewise, for SkySy 1-6
9The anomalous check star also exhibits a correlation between flux and seeing, and two very close blended neigh-
bors with centroids within about 5 arcsec (with about 14% and 19% of the check star’s flux).
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Figure 3.1: B-band LCO light curves show definite flickering in (from top to bottom) SkySy 1-2, SkySy 1-4, SkySy
1-6, and SkySy 1-11. On the left side, the light curve of the target is shown in flux relative to the median flux (black
circles with error bars), the seeing is tracked relative to the median seeing (pale grey line), and the light curve of a
check star with similar color and flux is shown offset by 0.1 on the vertical axis (red crosses with error bars). For
SkySy 1-11 (bottom row), we also plot the identical results of an extremely large 16 arcsec-radius aperture extraction
of the target (light purple squares). On the right side, we show that the light curve RMS for the target star (blue cross)
is higher than almost all of the 40 or so check stars closest in flux to each target (black circles).
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Figure 3.2: B-band LCOGT light curves show likely flickering in V1044 Cen (top and middle rows), and a dubious
hint of flickering in SkySyC 1-5 (bottom row). For V1044 Cen, the target light curve, seeing, check star, 16-arcsec-
radius aperture extraction, target RMS, and check star RMS are plotted the same way as in Fig. 3.1. For SkySyC 1-5
(bottom row), we plot both the original light curve (blue line) and a light curve de-trended by a linear fit (purple circles
with error bars), bracketed by horizontal lines at ±1% relative flux; in the lower-right panel, the corresponding light
curve RMS values for SkySyC 1-5 are plotted as blue and purple crosses, respectively.
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(third row of Fig. 3.1),10 the variability in the check star with RMS just below that of the target
vanishes with a fixed-aperture AstroImageJ extraction of 4 arcsec, while the flickering in SkySy 1-6
remains with a 16 arcsec extraction. Finally, the check star with higher RMS than V1044 Cen (in
the top two rows of Fig. 3.2) exhibits a smooth section of a sine wave and is classified in SIMBAD
as an eclipsing binary.
We also manually examined the SEP- and AstroImageJ-output diagnostics and did not find
anything unusual about any of the target star’s diagnostics, or any worrying correlations between
the diagnostics and the flickering target’s flux, with a singular exception: The flux of V1044 Cen
was mildly correlated with the seeing, mainly in the second night. The Pearson R (Spearman
R) correllation coefficients between the flux and the AstroImageJ X-width11 of the comparison
star were 0.33 (0.35) in the first light curve and 0.67 (0.75) in the second. There is an extremely
dim neighbor with a flux of 1% of the target, though an extraction of the neighbor’s light curve
showed no issues or correlations with the target’s variability. There was a slight downtick in the
background (throughout the image, not just at the target) where the second light curve sloped up
in the last ∼15% of the target light curve. These issues limit our confidence slightly in our claim
of flickering for V1044 Cen. However, as shown in Fig. 3.2, V1044 Cen’s light curves when using
an exceedingly large extraction aperture of 16 arcsec in AstroImageJ are completely identical to
the standard SEP reduction. We also tested a fixed-position aperture extraction (i.e., without re-
centroiding in each image), with no change in the light curve. A small aperture of 1.6 arcsec radius
also showed the flickering observed in the normal reduction. And we did not notice any other
issues with any of the other diagnostics output by SEP or AstroImageJ.
It is unclear what sort of seeing effect, without an obvious culprit, could simulate flickering
when the source is extracted with an aperture that is 32 arcsec in diameter. Indeed, when examining
an anomalous check star earlier in this section and the suspicious case of SkySyC 1-1 below, we
10An additional night (not shown in Fig. 3.1) on SkySy 1-6 had poorer atmospheric conditions, with 6 check stars
exhibiting correlations between flux and seeing. Even then, SkySy 1-6 varied mostly in different regions of the light
curve than the problematic check stars did, and AstroImageJ fixed-aperture photometry removed the variability of the
check stars without removing the variability of the target.
11The FWHM in the horizontal image direction. It was slightly more correlated than the FWHM output by either
program, so we report numbers for the X-width here to be conservative.
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saw variability correlated to seeing vanish completely with even a small 8-arcsec diameter fixed-
aperture source extraction. There are also some sharp features in V1044 Cen’s light curve that are
not reflected in the seeing. We conclude that V1044 Cen is very likely flickering, but that follow-up
observations in stable seeing would be advisable.
In contrast, SkySyC 1-1 (not shown, and without a rapid Δu measurement in SkyMapper)
exhibited excess RMS relative to most check stars in the pipeline LCOGT photometry, but its
variability did not resemble flickering by eye, and it suffered from severe seeing issues. These
issues may connect to two neighbors with fluxes around 20% of the target flux and centroids
within about 5 arcsec, or to optical spikes from a bright neighbor to the west. Three check stars in
this field also suffered from similarly strong flux/seeing correlations leading to comparably high
excess RMS. Every substantial feature in the light curve was reflected in the seeing. And unlike our
flickerers, variability in excess of the noise almost entirely vanishes with a 4 arcsec fixed-aperture
extraction in AstroImageJ, much like the anomalous check star to SkySy 1-4 discussed above.
We also detect a dubious hint of low-amplitude LCOGT flickering in SkySyC 1-5 (plotted in the
bottom row of Fig. 3.2, and without a rapid Δu measurement in SkyMapper) with no confidence.
It exhibited much higher RMS than almost all its check stars, but its variability is restricted to
about ±1%. Furthermore, de-trending its light curve with a linear fit reduced the RMS to only
1.2 times the median RMS of the check stars. Some of the check stars with higher RMS can be
accounted for with unambiguous flux/seeing correlations—but not all. Accordingly, we do not
have any confidence in claiming a flickering detection for SkySyC 1-5. On the other hand, the
RMS excess and light curve structure remains the same in AstroImageJ fixed-aperture extractions
of 4 and 8 arcsec. Precise observations from space or in very stable seeing may be necessary to
determine conclusively whether this target exhibits flickering or other short-timescale variability.
The remainder of our LCOGT targets, including SkySyC 1-8 and 1-10 (which exhibited rapid
Δu above 2feff in SkyMapper) and SkySy 1-10 and SkySyC 1-6 (which did not have rapid Δu
measurements in SkyMapper) did not exhibit flickering in our LCOGT light curves. In particular,
the RMS of their light curves was less than the median RMS of their 40 check stars. If there is
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Figure 3.3: U-band LCOGT light curves in magenta for SkySy 1-2 (left) and V1044 Cen (right), alongside the
simultaneous B-band light curves in black. Check stars are shown offset by 0.1 for U in orange and B in red.
flickering in some of these systems, it may require a larger telescope and/or more stable seeing to
detect—or depending on the duty cycle of flickering, simply better luck. We note in particular we
have not reproduced our flickering detection in American Association of Variable Star Observers
(AAVSO) photometry of SkySyC 1-10 reported in Lucy et al. (2019); an analysis to determine the
accuracy of our Lucy et al. (2019) telegram will be presented in a future report.
For SkySy 1-2 and our first V1044 Cen light curve, we also obtained simultaneous U-band pho-
tometry from a nearby telescope at the same site for a portion of the B-band light curve (Fig. 3.3).
The amplitude of variability in SkySy 1-2 appears to be significantly larger in U-band than in B-
band; however, we caution that the U-band light curve is only about an hour long, and traces a
monotonic increase in brightness at a time when the seeing was also changing monotonically. The
amplitude of variability in V1044 Cen is only slightly larger in U-band than in B-band; otherwise,
the U and B light curves of V1044 Cen are nearly identical.
3.2.2 UV flux and variability
Our UVW2 flux measurements are tabulated in AB magnitudes in Table 2.4. We searched for
flickering in two of the brightest targets (SkySy 1-2 at AB UVW2 = 16.9 and SkySy 1-4 at AB
UVW2 = 17.8). SkySy 1-2 exhibited substantially more variability between exposures separated
by hours than our 4 selected check stars, up to 0.17 magnitudes between exposures (Fig. 3.4, which
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Figure 3.4: Swift UVW2 evidence for UV flickering in SkySy 1-2. The top panel is the target, the remaining
panels are all check stars in the same field. Inner error bars are statistical uncertainties, outer error bars are statistical
uncertainties propagated in quadrature with 0.03 mag systematic uncertainties.
shows the 8 ks of exposures we obtained in 2020; another 9 ks observed in 2019 exhibited broadly
consistent results, but suffered from severe tracking issues). This 0.17 magnitude amplitude was
about 4.7 times the uncertainties of the two measurements propagated in quadrature, where each
uncertainty is the statistical error output by UVOTMAGHIST propagated in quadrature with a 0.03
magnitude systematic uncertainty. SkySy 1-4 similarly exhibited a tentative detection of up to 4f
UVW2 variability on a cadence of hours in 5 ks obtained during 2019, but with a much flatter light
curve in 14 ks obtained during 2020 (after discarding images in which the target overlapped with
a ghost image from a bright neighbor).
Although we defer an in-depth analysis of the UVW2 results to future work, we note that the
evidence derived above was essential to our Chandra DDT proposal and our LCOGT proposal,
forming a critical intermediary validation step in our process as well as providing a public resource
for future UV analysis of our new symbiotic stars.
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3.2.3 Hard X-ray detections
Figure 3.5: Top left: single-temperature fit to Chandra spectrum of SkySy 1-2 with kT=9.4 keV, nH=4. Upper right:
SkySy 1-2’s single temperature Chandra fit on its combined Swift XRT spectrum. Lower-left: Chandra spectrum of
SkySy 1-4; it has a lower count-rate and a fit was not attempted, but it resembles SkySy 1-2. Lower-right: Swift XRT
spectrum of SkySyC 1-1, showing a hint of hard X-rays.
We detected at least two (probably three) targets in X-rays, yielding Chandra and Swift XRT
spectra for SkySy 1-2, a Chandra spectrum for SkySy 1-4, and a marginally-detected low-count
Swift XRT spectrum of SkySyC 1-1. These are presented in Fig. 3.5. Our main results are that
there is a hard component in SkySy 1-2 with a temperature of at least 1.1 keV (13 MK), a sim-
ilar spectrum for SkySy 1-4, and a tentative detection of hard X-rays from SkySyC 1-1 as well.
Following the symbiotic star classification scheme of Luna et al. (2013), we define hard X-rays as
being photons with energies of at least 2.4 keV.
Chandra detected about 55 counts from SkySy 1-2 in 9720 seconds at the expected target po-
sition, with significantly detected photons out to 6.3 keV. Following the symbiotic X-ray emission
models used by Luna et al. (2013) and Patterson & Raymond (1985), we fit the Chandra spectrum
with collisionally-ionized, optically-thin plasma emission (APEC in Sherpa, a package in CIAO)
multiplied by photoelectric absorption with Wisconsin cross-sections (WABS in Sherpa). The
temperature of the emitting plasma is degenerate with the fit normalization and the absorption col-
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umn, so we can only calculate a minimum, but for a single-temperature fit the plasma temperature
is kT≥2 keV at the 90% confidence level.
The Swift XRT spectrum of the same target has lower SNR, but it shows a hint of an additional
softer component peaking at photon energies around 1 keV, missed in the Chandra spectrum; al-
though Chandra generally has a far larger collecting area than Swift XRT, Swift is more sensitive
than Chandra below about 0.8 keV. Contemporaneous V magnitudes from the AAVSO are about
12.6, so optical loading should not be an issue. The single-temperature Chandra model misses
this soft component completely (upper right panel of Fig. 3.5), so we instead adopt a simultane-
ous, two-component fit to the Chandra and Swift spectrums, adding in a softer component (but not
supersoft) reminiscent of symbiotic stars’ V-type X-ray emission from colliding winds in Muer-
set, Wolff, & Jordan (1997), as an additive second APEC model separately absorbed by another
WABS model. In this case, which fits both the Chandra and Swift XRT spectra within the error
bars, the lower limit on the temperature of the hard component is reduced to 1.1 keV (13 MK)
at 90% confidence. The observed (absorbed) luminosity is about 1×1031 erg s−1 (0.004 L) at
the 879 pc Bailer-Jones et al. (2018) distance. The intrinsic (unabsorbed) luminosity is higher but
otherwise not usefully constrained due degeneracies between the fit variables.
SkySy 1-4 was also detected in Chandra, at the expected target position, only with 20 counts
in 23060 seconds. We have not attempted a fit for its spectrum, but it almost identically resembles
a lower-count version of the SkySy 1-2 spectrum, so it has a similar hard component but with less
rigorous constraints on temperature. The spectrum is dominated by photons well above 2.4 keV.
According to its count rate and Gaia distance, its observed luminosity is about three times that of
SkySy 1-2.
The Swift XRT spectrum of SkySyC 1-1 exhibits a preliminary detection in hard X-rays (above
2.4 keV in photon energy) of >4f in XIMAGE’s DETECT, and >5f in SOSTA, both HEASARC
products. The X-rays show possible indications of variability on timescales of a few weeks, but
the count rate is too low to be confident. The online Swift XRT data products generator detection
algorithm identifies the source in a broadband image, with an average of 1.9+0.7−0.6 × 10
−3 counts s−1,
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about 4.5 times the background count rate, at R.A. 13:25:42.6 decl. -58:54:59.7, well within the
XRT error circle for the optical position. The extracted spectrum has more counts above 2.4 keV
than below.
3.3 Discussion
3.3.1 Finding symbiotics with accretion disk flickering
We have discovered optical accretion disk flickering in five symbiotic stars: the newly discov-
ered SkySy 1-2, 1-4, 1-6, and 1-11, and the previously known symbiotic V1044 Cen, which had
not previously been shown to flicker. We are aware of no other possible explanation for stochastic
variability observed on timescales of minutes in a cool giant system; for example, cool giant pul-
sations are too slow, and would be monotonic on these timescales anyway. All five exhibit Balmer
emission with a decrement, three exhibit emission He I emission, one exhibits [O III] emission,
and none exhibit higher ionization states than that (Table 2.3). These emission line properties are
Figure 3.6: The intersection of our luminous red objects sample with flickering symbiotics, overlayed on Fig. 2.5.
Our results include SkySy with confirmed detected flickering (plus the previously-known symbiotic V1044 Cen, in
which we have discovered flickering for the first time), SkySy and SkySyC that were also observed with an hours-long
continuous optical light curve but in which flickering was not detected, and SkySyC with dubious hints of flickering in
either LCOGT or AAVSO data (SkySyC 1-5 and SkySyC 1-10), The previously-known flickering symbiotic EF Aql
from Zamanov et al. (2017) is also in the luminous red objects sample. Of particular note is our confirmed flickerer
SkySy 1-6, which demonstrates that neither color-color deviations alone nor variability alone are sufficient to find all
the flickering symbiotic stars. We have also included the intersection of our luminous red objects sample with the
Munari et al. (2021) GaSS symbiotic candidates, which were published as this work was being concluded. Where data
is available, there is no evidence for flickering or color deviations in the GaSS objects in our sample, indicating that
we are probing different regimes of parameter space.
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consistent with the idea that flickering is detectable exclusively in accreting-only symbiotic stars
(acc-SySt in the nomenclature of Munari et al. 2021) without WD shell burning. The HU equiv-
alent widths are commensurately low among these flickering symbiotic stars, ranging from 6Å to
100Å. The peak-to-peak timescales of around 10–20 minutes in the optical flickering suggest a
WD accretor, since the dynamical and viscous timescales at an accretion disk inner radius set by
the size of a main sequence accretor are likely orders of magnitude longer (Sokoloski & Bildsten
2010).
Supporting an accretion disk origin for the optical flickering, we also detected X-rays with
photon energies above 2.4 keV in both targets for which we obtained Chandra X-ray exposures,
SkySy 1-2 and SkySy 1-4. The highest-count spectrum (SkySy 1-2) requires an emitting plasma
temperature higher than 1×107 K. The X-ray spectra closely resemble the X or VX types in the
Luna et al. (2013) schema for symbiotic star X-ray classification, in which the hard X component
with photons above 2.4 keV originates in the boundary layer between an accretion disk and a WD
without shell burning. In that classification scheme, shell burning on the WD would Compton-cool
the boundary layer with far-UV photons, preventing the emission of hard X-rays. WD shell burning
is also luminous in the near-UV and optical, outshining the flickering accretion disk and explaining
the close correlation observed between UV/optical flickering and X-type X-ray emission (Luna et
al. 2013), consistent with our results. The total X-ray luminosities we observed in SkySy 1-2 and
SkySy 1-4 are above 1×1031 erg s−1 (0.004 L). These are towards the low end for symbiotic stars
(Luna et al. 2013), but red giants probably12 cannot produce X-ray emission with this temperature
and luminosity on their own (Sahai et al. 2015).
In the process of discovering these flickering symbiotics, we have shown that variability be-
tween the three u-band exposures within a 20-minute SkyMapper Main Survey uvgruvizuv filter
sequence (of which there are up to two per object) can efficiently detect accretion disk flicker-
12Typically, stellar corona temperatures are less than 1×107 K, though rarely up to ∼4×107 K is possible for some
stellar types. Sensitive XMM exposures on two unusually magnetic AGB stars have yielded no detections, with upper
limits on the observed luminosity of ∼ 1031 erg s−1 (Kastner & Soker 2004). Asserting that hot X-rays have not been
detected from isolated giants relies, however, on the accuracy of the community consensus ascribing X-rays from the
“fuvAGB” stars in Sahai et al. (2015) to accretion onto a companion.
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ing. The locations of the new flickering symbiotics are shown in Fig. 3.6 (along with EF Aql,
and the Munari et al. 2021 sample to be discussed later in this chapter). Among our emission
line cool giants observed with LCOGT light curves, 5 out of 7 with SkyMapper rapid Δu>2feff
exhibit B-band flickering. And of course, as motivated our search design in the first place, the only
previously-known flickering symbiotic in our luminous red objects sample—EF Aql (Zamanov
et al. 2017)—also exhibits SkyMapper rapid Δu>2feff . In contrast, 0–1 out of 4 emission line cool
giants without a SkyMapper rapid Δu measurement exhibit B-band flickering in LCOGT.
Four out of the 5 new optical flickerers would have been selected as a symbiotic by the u-
g u-v color-color diagram alone, but we would not have known to look for flickering in them
without a rapid Δu measurement. One of those four, V1044 Cen, has been classified as a symbiotic
star since 1968 (Carlson 1968), but was never reported to be flickering. Extensive searches in the
known sample of symbiotics generally have not revealed optical flickering; for example, Sokoloski,
Bildsten, & Ho (2001) obtained B and/or U band light curves of 35 symbiotic stars, and only
detected unambiguous flickering in five that had already been known to flicker beforehand. It
is apparent that a selection mechanism to detect optical flickering in symbiotics is required, and
although SkyMapper’s filter sequence strategy was not designed for this purpose, it is a purpose to
which it is well-suited.
However, we have found that there is a critical codicil to the utility of the SkyMapper uvgru-
vizuv filter sequences in finding flickering symbiotics, that must guide future search strategies:
rapid Δu does not work without additional selection criteria. As shown in Fig. 2.9, the vast ma-
jority of targets even with rapid Δu above 3feff are cool giants without any hint of emission lines
in our optical spectra. This includes targets selected by rapid Δu alone (the green triangles in
Fig. 2.7, none of which exhibit emission lines) and targets on the edges of the densest part of the
color-color diagram (the line of normal giants at u-g≈3 in the right panel of Fig. 2.9). Targets
with feff between 2 and 3 and close to the edge of the luminous red objects distribution (but not in
the mostly-symbiotic zone; rather, see the arc of black squares just interior to the arc of magenta
circles in the right panel of Fig. 2.7) also show no signs of being symbiotic. It is conceivable that
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Figure 3.7: The distribution of spectroscopically normal M and K giants that were above rapid Δu feff=3 in the
middle panel of Fig. 2.9 (vertical gold lines), the full sample of luminous red objects (black histogram), and the
locations of SkySy 1-6 (vertical dashed thick dark-blue line) and SkySyC 1-4 (vertical dash-dot light-blue line) as
a function of SkyMapper u-g color (left) and SkyMapper u magnitude (right). SkyMapper variability detections in
symbiotic candidates are more likely to signify real flickering when the u-g color is bluer. Our results imply that u
flickering is usually only detectable when there is sufficient accretion disk light to produce an excess in u.
all these null results are flickering symbiotic stars without emission lines, since it would have been
prohibitively time-consuming to observe them with LCOGT or Chandra, and we do not know the
duty cycle of symbiotic activity—but they are probably just isolated giants instead.
The solution, and the method with which we found flickering symbiotics, is to incorporate both
rapid Δu and color criteria. Certainly, anything within the mostly-symbiotic zone of the color-color
diagram in the left panel of Fig. 2.9 and high rapid Δu is likely to be a flickering symbiotic star,
which is how we found 4 of our new flickerers. But we were also able to find the flickering
symbiotic SkySy 1-6 (labeled in the right panel of Fig. 3.6), which is located very deep into the
distribution of luminous red objects in the color-color diagram.
The parameter-space feature that allowed us to discover the hidden SkySy 1-6 is that there is an
abrupt cutoff around u-g≈2.9, redward of which rapid Δu>3feff is generally spurious, but blueward
of which a target with rapid Δu>3feff has at least a 1/3 chance of being a flickering symbiotic. We
show this in Fig. 3.7, in which we plot the locations of SkySy 1-6, SkySyC 1-4, and spectroscop-
ically normal M and K giants with rapid Δu>3feff superimposed on a histogram signifying the
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distribution of the full sample of luminous red objects. It is not the case that a constant fraction of
rapid Δu>3feff objects are flickering symbiotics independent of u-g value; if it were, based on the
results blueward of u-g≈2.9, about a third of the spectroscopically normal giants clustered around
u-g=3 in the left panel would be symbiotic. The u-g≈2.9 cutoff cannot be explained by a higher
rate of spurious Δu detections at dim u-band magnitudes; the concentration of spectroscopically
normal giants at u>17.1 suggests this might conceivably play a role, but if it were the sole factor,
SkySy 1-6 would not be at the u=17.1 distribution peak, dimmer than 14 spectroscopically normal
giants in the right panel. And while the confluence of two rare phenomena (like blue u-g and rapid
Δu variability) would be unlikely to occur spuriously by chance even if the physical processes giv-
ing rise to color and variability were physically independent of each other, blue u-g is not actually
that rare in the distribution relative to the location of the spectroscopically normal giants, with
about 1600 objects/bin at the u-g of SkySy 1-6 and about 6000–15000 objects/bin at the u-g of the
normal giants cluster.
Rather, the fact that bluer u-g color makes rapid Δu variability more likely to be real flickering
is probably partially attributable to an intuitive physical connection: that u flickering is usually only
detectable when there is sufficient accretion disk light to produce an excess in u. This is consistent
with our argument that we are detecting real flickering produced by a mechanism operating in the u
band (the accretion disk) that is distinct from the mechanism operating at redder wavelengths (the
cool giant). It also suggests an outline of a strategy for future searches for flickering symbiotics: to
restrict future searches to three overlapping groups, including (1) known symbiotics with rapid Δu
above 2feff , (2) luminous red objects with colors inside the mostly-symbiotic zone of our color-
color diagram and rapid Δu above 2feff , and most excitingly (3) luminous red objects with u-g.2.9
and rapid Δu above 3feff . Hopefully, future work based on our results will be able to distinguish
between real and spurious rapid Δu using other properties reported in the SkyMapper photometry
table or with re-extractions from the images themselves, and derive expected success probabilities
as a function of color-color and rapid Δu in a nuanced way without hard cutoffs. But we believe the
core principle—the combination of color and rapid, minutes-timescale variability in u-band survey
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photometry—can have lasting utility in the search for flickering symbiotics.
3.3.2 Completeness of prior searches
As shown in Table 2.3, depending on the date of observation, the flickering acc-SySt SkySy 1-2
and SkySy 1-4 could have been missed by any narrow-band emission line photometry survey re-
quiring a minimum HU equivalent width of 10Å, and the flickering acc-SySt SkySy 1-11 could
have been missed by any such survey requiring a minimum HU equivalent width of 50Å (such
as the symbiotic searches by Corradi et al. 2008 and Rodríguez-Flores et al. 2014). Most symbi-
otic stars have historically been found through objective prism surveys (Munari et al. 2021); the
threshold for the detection of HU amid TiO bands in 20th-century objective prism spectra is to
our knowledge not well constrained, but it is probably at least 10Å. This may suggest that our u-g
u-v color-color diagram selection, even without a contribution from rapid Δu variability, is less
biased towards the selection of symbiotics with WD shell burning than the traditional methods of
narrow-band emission line photometry and objective prism surveys. On the other hand, there is
substantial overlap between our color-color diagram selection and past surveys, and the majority
of symbiotics in the mostly-symbiotic zone of the left panel of Fig. 2.9 had already been found
before our survey. Regardless, the flickering symbiotic SkySy 1-6 could not have been discov-
ered through narrow-band emission line photometry and probably could not have been discovered
through objective prism surveys, at least in its current physical state.
Quantitatively, we have sufficient data to address two overlapping categories of symbiotics to
determine what fraction were missing from past surveys: missing symbiotics that can be found
in the mostly-symbiotic zone of the u<16 u-g u-v color-color diagram, and missing flickering
symbiotics.
For the first category, symbiotics with strong u excess in u-g and u-v, we have almost fully
explored the mostly-symbiotic zone of the u<16 bright subsample of our luminous red objects
(shown zoomed-in in Fig. 3.8) modulo a very few targets with inconvenient sky coordinates. The
mostly-symbiotics zone has clear boundaries, with M giants to the upper left, post-AGBs/hot
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Figure 3.8: Zoomed-in version of the left panel of Fig. 2.9 showing our results in the mostly-symbiotic zone of
the color-color diagram in our bright subsample, with a large transparent red circle added to each object (whether
observed or not) to help illustrate the source density. The mostly-symbiotic zone is bounded by M giants to the upper
left, post-AGBs/hot stars/superpositions to the right, a mix of AGN and other contaminants to the lower-right, and a
rapid rise to high source density to the upper right.
stars/superpositions to the right, a mix of AGN (easily filtered using AGN catalogs, IR colors,
or Gaia proper motions) and other contaminants to the lower-right, and a rapid rise to high source
density to the upper right that would be too time-consuming to explore. 39 out of the 42 previously-
known symbiotics (as catalogued and validated by Merc, Gális, & Wolf 2019b) intersecting with
our luminous red objects sample and with u<16 are in this zone, excluding one just outside the
boundary, one much deeper in the distribution, and the Southern Crab (discussed below). We have
found 11 SkySy and 6 SkySyC in this zone. So the completeness of the old sample of symbiotics
with strong u-g and u-v excess and u<16 was about 70–80% depending on how many SySyC are
321
real symbiotics. We can generalize this to the full set of 274 Merc, Gális, & Wolf (2019b) sym-
biotics, scaled down to an estimated 205 with u<16.13 We conclude that there are about 51 to
88 symbiotics with u<16 (of which 11 to 17 have been reported in this work) missing from the
Merc, Gális, & Wolf (2019b) sample, that can be easily found with a near-zero contamination rate
through the u-g u-v color-color diagram when uvg colors are available for the whole sky. This can
be accomplished by future data releases of SkyMapper in the south, and the future Multi-channel
Photometric Survey Telescope (MEPHISTO; Yuan et al. 2020) in the north, which will use a uvgriz
filter set very similar to SkyMapper. If improved depth in the final data releases of SkyMapper and
MEPHISTO resolves the distinction between the u<16 and u>16 color-color diagram through im-
proved SNR, we can then find a net 68 to 117 symbiotics with any u through this method.
Intriguingly, the previously-known symbiotic Hen 2-104 (the Southern Crab) appears to have
a completely unique location in our color-color diagram, with a large positive u-v color, perhaps
implying strong Balmer jump absorption. It is surrounded in our color-color diagram by post-AGB
candidates and M giant/hot star superpositions. It has been argued that Hen 2-104 is at the end of its
AGB phase, with an unusually massive nebula, constituting a planetary nebula precursor “in which
the nebular shaping and excitation is done by the WD companion, which ‘anticipates’ the post-
AGB evolution of the Mira” (Santander-García et al. 2008). Its location amid post-AGB stars in
our parameter space may support this idea of Hen 2-104 as a transitional object between symbiotic
and PN. It does have a single neighbor in SkyMapper color-color space—which happens to be its
closest neighbor—that did not get observed because the coordinates were inconvenient (Fig. 3.9).
This neighbor, which is unlabeled in SIMBAD, is a high priority for follow-up spectroscopy.
It is also interesting to note that 8 out of 12 SkySy (but only 1 out of 10 SkySyC) had older
labels as either emission line stars or planetary nebulae in SIMBAD, often thanks to objective prism
surveys. Two of these were also labeled as long period variables (LPVs), and another had a history
of observed LPV periods that did not amount to a SIMBAD label. On the other hand, 2 were also
labeled as S stars, which can produce strong HU emission without being symbiotic (see Chapter 2).
13Based on the ratio of u<16 to u>16 in those that intersect with our luminous red objects sample.
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Figure 3.9: Zoomed-in version of the left panel of Fig. 2.9 showing our results from the bright subsample in the
vicinity of Hen 2-104 (the Southern Crab), with a large transparent red circle added to each object whether observed
or not. Hen 201-4 appears to be unique in this parameter space, although the source most similar to it in colors was
not observed due to an inconvenient right ascension.
Still, especially with the advent of Gaia combined with IR selection criteria for finding red giants,
there may be a number of missing symbiotics which should qualify as symbiotic candidates on the
basis of SIMBAD labels, but for which those disparate pieces of information have not yet been
connected.
With respect to optically-flickering symbiotics, there was only one optically-flickering14 sym-
biotic intersecting with our luminous red objects sample before our search, and now there are a
total of 6. This suggests that the completeness of past samples of known optical flickerers was
at most around 17%. 30 known symbiotics and new SkySy (excluding SkySyC) have a rapid Δu
measurement in our sample, and out of these, 6 have now been shown to flicker. This suggests
14We concentrate on optical flickering in this work, but the situation is not so different in the ultraviolet: of the four
southern-hemisphere possible UV flickerers in Luna et al. (2013), only BD-21 3873 and Haro 1-2 intersect with our
luminous red objects sample. Their SkyMapper colors resemble those of other symbiotics. BD-21 3873 is borderline
in SkyMapper variability space at u=12.5 and Δu just below the 2feff threshold; in Luna et al. (2013), it exhibited UV
variability in one sequence but not in its other sequence. Haro 1-2 does not have a Δu measurement here.
323
that at least around 20% of the true population of symbiotics should be expected to have optical
flickering detectable through SkyMapper rapid Δu. We note that the previously-known symbiotics
LMC S154 and AS 241 are strong candidates for flickering in light of these results and their po-
sition in the middle panel of Fig. 2.8, especially given LMC S154’s status as an (extragalactic)
symbiotic recurrent nova (Iłkiewicz et al. 2019). CD-43 14304 is a burning symbiotic with Ra-
man O VI emission and U-type supersoft X-rays (Schmid et al. 1998; Muerset, Wolff, & Jordan
1997), so its apparent rapid Δu excess in Fig. 2.8 may make it a good candidate either for coherent
pulsations due to magnetic accretion (Sokoloski & Bildsten 1999) or challenging our concepts of
the relationship between flickering, accretion disks, and WD shell burning. Finally, there are 4
SkySyC in Table 2.3 with excess rapid Δu that may warrant further followup, two of which were
not observed with LCOGT.
As shown in Fig. 3.10, we appear to be searching in roughly the same parts of the sky as prior
surveys, so the differences between our search and prior symbiotic star surveys are methodological,
not spatial. The exceptions are SkySy 1-12 and SkySyC 1-4, which while fairly normal in galactic
coordinates, have the southernmost declinations of any symbiotic star discovered to date (Merc,
Gális, & Wolf 2019b and S. Akras 2018, private communication). We also note that flickering sym-
biotics exhibit a hint of being slightly preferentially at higher galactic latitudes in this figure, but
they are also slightly preferentially closer in Gaia distances, so these do not translate into greater
heights above the Galactic plane. As shown in Fig. 3.11, the lack of SkySy and SkySyC towards
the Galactic anti-center reflects both observing restrictions (given coordinate range we observed;
see Chapter 2) and the smaller number of stars overall towards the anti-center, and we do not draw
any new conclusions about the overall spatial distribution of symbiotic stars. The distribution of
both previously-known symbiotics and new SkySy/SkySyC stars over galactic latitude is, as far as
can be discerned by inspection in histograms, simply a low-resolution version of the distribution
of luminous red objects in our full sample.
One issue that prevents us from assessing completeness in a more comprehensive way is that
the duty cycle with which 2–3 exposures in a 20 min SkyMapper filter sequence capture flickering
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Figure 3.10: Density-shaded scatter plot in galactic coordinates of our luminous red objects sample (grey), overlay
of the sample for which rapid Δu information was available (light green), and the members of the sample which
are SkySy (blue diamonds), SkySyC (light blue diamonds), or previously-known symbiotics intersecting with our
luminous red objects sample (dark blue circles). Flickering symbiotics are overplotted with a white cross.
Figure 3.11: Identical to Fig. 3.10 but in equatorial coordinates.
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is unconstrained. We will have a better idea when the remainder of the known southern flickering
symbiotics (6 flickering symbiotics, not counting EF Aql or our new SkySy) are covered by the
SkyMapper Main Survey in future data releases, and when more of the flickerers currently in the
Main Survey footprint get two Main Survey visits instead of just one. There is also a great deal of
ambiguity over what accretion rate it takes to give a symbiotic star an outlying SkyMapper color
for a given giant spectral type, and whether SkySyC with a Balmer decrement and/or He I but
without flickering or X-rays should qualify as a confirmed symbiotic star (see Chapter 2 for a more
detailed discussion of Balmer emission from isolated giants).
The question of whether there is a hidden population of accreting-only symbiotics that is larger
than the population of burning symbiotics remains unanswered. What we do know now, however,
is that there is a significant population of optically-flickering symbiotics hidden both within and
beyond the known catalogs of symbiotic stars.
3.3.3 Comparisons to other work
Shortly before we concluded this work, Munari et al. (2021) published the initial results of an
independent search for accreting-only symbiotic stars without nuclear burning, using the Galactic
Archaeology with HERMES (GALAH) survey. They present evidence that they have detected 33
acc-SySt after selecting for M giants without coherent radial pulsations15 and with an HU peak
in excess of 0.5 above the local continuum in high-resolution GALAH survey spectra covering
a total of 1000Å, including 12 acc-SySt with optical flickering. These impressive results have
not yet been fully released; in particular, they deferred the presentation of most of their light
curves to a future paper. It is difficult to assess the amplitude and structure of the variability at
this time (the two flickering light curves that they have shown are zoomed out by about 10 times
the flickering amplitude to accommodate check star light curves, and exhibit somewhat sparse
sampling16). Nevertheless, they report comparing their targets to between 2 to 8 check stars per
15The idea is that M giant Balmer emission is stronger from strongly pulsating giants (see our Chapter 2), so by
avoiding strong pulsators, Munari et al. (2021) reduce the risk of Balmer emission originating in the giant.
16In one case constituting 12 data points with 5 minute sampling; the other is more densely sampled with 30 second
sampling in 12 groups, each group lasting roughly 5 minutes with roughly 5 minute gaps between groups.
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target, chosen carefully to match the target B-V colors. And since, unlike us, they did not select
for any kind of variability in survey photometry, it seems unlikely that their targets would end up
preferentially exhibiting spurious variability due to seeing artifacts not observed in the check stars.
Curiously, our work and Munari et al. (2021) appear to be probing completely different regimes
in SkyMapper parameter space. We include in Fig. 3.6 the intersection of our luminous red objects
sample with the Munari et al. (2021) GALAH Symbiotic Star (GaSS) flickerers and (separately)
the full GaSS sample. The GaSS sample, including the flickerers, are located in the densest part
of the color-color diagram, appearing as completely normal giants. There is no hint of any rapid
Δu excess in the flickerers or in the full sample. We also inspected objects which do not intersect
with our luminous red objects sample but which do have a SkyMapper u-g color; there is only one
GaSS with a SkyMapper DR2 u-g less than 3.1, GaSS 1-2 at u-g=1.8 in the SkyMapper dr2.master
catalog (there is no v-band measurement, and the u and g measurements are separated from each
other by four days, at least two reasons for its exclusion from our luminous red objects). More
explicable is the lack of SkySy and SkySyC in the GaSS sample: none of them have been observed
in GALAH DR3 (Buder et al. 2021).
The GaSS sample are clustered around early M spectral types, ranging from M0 to M4 in the
flickering subsample. In contrast, four of our new flickering symbiotics contain giants in a narrow
range from M5–6. Our fifth, SkySy 1-11, contains the first17 confirmed S star in an optically
flickering symbiotic binary, otherwise resembling an M4 III star. The earlier spectral types in the
GaSS sample may relate to Munari et al.’s exclusion of M giants with strong radial pulsations.
We do not know why our flickering SkySy and Munari et al. (2021)’s flickering GaSS appear
so different in SkyMapper parameter space. Our preliminary impression is that the GaSS flickerers
may be genuine flickering symbiotics with lower accretion disk contributions to the optical and
consequently lower-amplitude flickering than our flickering SkySy. Given the earlier spectral types
in the GaSS sample, it may be that the later spectral types in the SkySy are transferring mass at a
17Although weak s-process enhancement may be present in the giants of known optically flickering symbiotics
V407 Cyg and CH Cyg (Tatarnikova et al. 2003), and the UV flickering symbiotic NQ Gem (Luna et al. 2013) is a
carbon star.
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higher rate, consistent with the higher mass loss rates of late giants and leading to stronger u-band
excesses in the SkySy flickerers. However, Munari et al. (2021) do report a U-B excess in 11 of the
GaSS relative to normal giants (their Figure 8 and Table 5), including 5 GaSS that intersect with
our luminous red objects sample (4 GaSS flickerers and one GaSS without observed flickering),
and it is not clear why this does not manifest in SkyMapper u-g. GaSS 1-2, not in our sample but
with SkyMapper dr2.master u-g=1.8 as mentioned above, is also reported to exhibit U-B excess,
a rare instance of similarity between our results. The path towards reconciling the differences
between our surveys may be long.
We conclude by comparing our results to another novel method published by Akras et al.
(2019), who used machine learning to reliably distinguish between symbiotic stars and other ob-
jects (including M giants) based solely on IR colors. The physical mechanism determining why
known symbiotics have different IR colors than isolated giants is unclear, given that the giant dom-
inates in the IR. Possible explanations include dust heated by the light of the symbiotic accretor,
heating of the giant by the light of the accretor, IR emission from the cool edges of the accretion
disk, or some property of symbiotic giants that correlates with higher mass transfer rates. In our
Table 2.4, we run the 2MASS and ALLWISE colors of our SkySy/SkySyC through the decision
trees illustrated by Akras et al. (2019) in their Figure 7 (a general tree disambiguating between
symbiotics and mimics, landing in either a bin dominated by symbiotics or a bin in which symbi-
otics are rare), Figure 9 (disambiguating between different IR subtypes of symbiotics, including S,
S+IR, D, and D’), and Figures A1 through A7 (disambiguating between symbiotics and specific
types of mimics, assuming that the object is either a symbiotic or the types of mimics addressed
by the particular decision tree).
Interestingly, 10 out of our 12 SkySy (including all 4 flickering SkySy), and 4 out of our
10 SkySyC, meet the criteria of the general decision tree (their Figure 7) to count as a strong
symbiotic star candidate, suggesting that there is substantial overlap in the effects of our selection
methods despite operating at such disparate wavelengths. Four of our SkySy and SkySyC, however,
get classified as an M giant instead of a symbiotic in their Figure A5—including the flickering
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SkySy 1-2 and 1-6, by an extremely thin margin. This suggests that our flickering, accreting-
only symbiotics may be on the boundary of the Akras et al. (2019) selection criteria, and that
whatever physical property changes the IR colors of symbiotic stars is operating to a lesser degree
in accreting-only symbiotics. Similarly, several other SkySy and SkySyC get classified as a Mira
in their Figure A2 or a K giant in their Figure A5 (probably accurately with respect to the nature of
the companion, but inaccurately with respect to the presence of binary interaction). And 2 SkySy,
along with 6 SkySyC, do not meet the criteria of the Akras Figure 7 general decision tree to count
as symbiotic candidates. These are often Miras in Akras Figure A2 and in SIMBAD, reinforcing
that the Akras criteria have difficulty with Miras.
The synchronicity between our results and the Akras et al. (2019) results, and the stark dif-
ferences between our results and the Munari et al. (2021) results, are both surprising outcomes,
considering that our survey strategy and our interest in accreting-only symbiotics more closely
align with Munari et al. (2021) than Akras et al. (2019). A variety of different strategies to find
accreting-only symbiotic stars are emerging, with exciting prospects for reconciling and combining
different selection criteria.
3.4 Chapter 2–3 Conclusions
We conducted a multi-step, multi-wavelength search for symbiotic stars, aiming to identify
their properties in a parameter space defined by photometry from the SkyMapper Southern Sky
Survey. We were particularly interested in developing ways to find accreting-only symbiotics with
detectable accretion disks and without WD shell burning. First, we built a sample of luminous
red objects and calculated the SkyMapper parameters most likely to separate symbiotics from
isolated cool giants. Second, we obtained optical spectra of 234 luminous red objects with outlying
SkyMapper parameters. Third and finally, we obtained optical light curves, UV exposures, and X-
ray spectra of some of the symbiotics and symbiotic candidates that we identified through our
optical spectra. As described in Chapter 2 and Chapter 3, we have learned the following:
(1) We discovered 12 symbiotic stars (SkySy) and an additional 10 symbiotic star candidates
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(SkySyC), spanning a wide range of subtypes from accreting-only to burning, with various
kinds of donors including M III stars, S stars, and a K supergiant (Table 2.3 and Table 2.4).
(2) We discovered fully-validated optical accretion disk flickering in hours-long B-band light
curves of 5 accreting-only symbiotics, including 4 of our new SkySy and 1 previously known
symbiotic, V1044 Cen (CD-36 8436). We observed two of the flickering SkySy with Chandra,
and detected hard X-type X-ray emission in both. In the case of SkySy 1-2, we can constrain
the X-ray emitting plasma temperature to above 13 MK. Our results support prior work assert-
ing a correlation between optical flickering, hard X-rays, weak emission lines, and the absence
of higher-ionization emission lines—all signatures of an accreting-only symbiotic.
(3) The SkyMapper colors u-g and u-v are, together, effective at distinguishing most known sym-
biotic stars (including burning symbiotics and some accreting-only symbiotics) from other
luminous red objects. There is a zone in the u-g u-v color-color diagram that is virtually 100%
symbiotic stars. This zone is bordered by distinct regions dominated by (clockwise from the
left) isolated cool M I–III and S stars, an unexplored abrupt rise to high source density, post-
AGB stars and superpositions of M I–III stars with hot stars, and a group of AGN that are
mostly already cataloged in SIMBAD (Fig. 2.9).
(4) The significance of rapid u-band variability between the 2 to 3 exposures within a single
SkyMapper Main Survey uvgruvizuv filter sequence, as measured by rapid Δu f (Equation 2.1)
adjusted to an effective feff to account for systematics, can be used in conjunction with a u-
g.2.9 color cut to detect symbiotic stars with optical accretion disk flickering. For known
symbiotics and objects in the mostly-symbiotic zone of the u-g u-v color-color diagram, the
appropriate threshold above which to search is around 2feff . For objects outside the mostly-
symbiotic zone but with u-g.2.9, the appropriate threshold is around 3feff . Rapid Δu de-
tections in objects redder than u-g≈2.9 are spurious, probably because real flickering is not
detectable in u without a contribution from the accretion disk producing excess flux in u.
(5) Two of the flickering SkySy have an HU equivalent width of less than 10Å in at least one
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observation, and a third flickering SkySy has an HU equivalent width of less than 50Å, below
the detection threshold of at least some symbiotic star surveys that use narrow-band emission
line photometry. Even without the involvement of rapid Δu data, SkyMapper colors may
be less biased towards the selection of symbiotics with WD shell burning than narrow-band
emission and objective prism surveys.
(6) When all-sky uvg colors become available through future DRs of SkyMapper and MEPHISTO,
between about 51 and 117 symbiotics missed by previous surveys (of which 11 to 17 have been
reported in this work) will be discoverable through the u-g u-v color-color diagram alone, with
a near-zero contamination rate.
(7) At least about 20% of the true population of symbiotics should have optical flickering de-
tectable through SkyMapper rapid Δu, and the completeness of past samples of known op-
tically flickering symbiotics was at most about 17%. There is a significant population of
optically-flickering symbiotics hidden both within and beyond the known catalogs of sym-
biotic stars.
(8) For those GALAH Symbiotic Stars (GaSS) from Munari et al. (2021) that are in our sample of
luminous red objects and for which data are available, the GaSS are located in the densest part
of the u-g u-v color-color diagram and exhibit no evidence for rapid Δu. The GaSS appear as
completely normal giants in SkyMapper parameter space, suggesting that we are probing very
different regimes (Fig. 3.6). The flickerers in the GaSS sample are also earlier in spectral type
than our flickering SkySy, which can be attributed at least in part to the intentional exclusion
of strongly pulsating giants in Munari et al. (2021). The absence of u flux excess and rapid Δu
excess in the GaSS might suggest that earlier spectral types are transferring mass at a lower
rate, resulting in dimmer accretion disks.
(9) 10 out of 12 SkySy (including all 4 flickering SkySy), and 4 out of 10 SkySyC, meet the criteria
for IR color selection of symbiotic stars presented by Akras et al. (2019) in their Figure 7. This
suggests that there is substantial overlap in the effects of our selection methods, even though
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we are selecting outliers only on the basis of near-UV colors and variability while Akras et al.
(2019) are selecting outliers only on the basis of IR colors. However, not all of our SkySy
are correctly categorized by their other decision trees; most interestingly, two flickering SkySy
miss getting correctly classified by the Akras symbiotic vs. M giant tree in their Figure A5,
by an extremely thin margin—suggesting that the physical cause of abnormal IR colors in
symbiotics is operating less strongly in some accreting-only symbiotics.
(10) Our optical spectroscopy suggests that SkyMapper u-v (especially when paired with u-g) is
effective at distinguishing yellow post-AGB stars with strong Balmer jump absorption from
other luminous red objects.
(11) The symbiotic star Hen 2-104 (the Southern Crab) has a large positive u-v color, extremely un-
usual for a symbiotic star. It is located next to post-AGBs with strong Balmer jump absorption
in the color-color diagram.
(12) The flickering SkySy 1-11 contains the first unambiguous S star donor in an optically flickering
symbiotic binary.
(13) Our crossmatch to SIMBAD shows that some S stars and some carbon stars are extreme out-
liers in SkyMapper u-v.
(14) A single IR color-cut of (J-Ks)0>0.85 works well to select samples of cool giants, paired with
an MJ<0 luminosity cut enabled by Gaia. However, some AGN and a number of post-AGB
stars will be included. Most selected AGN at the SkyMapper survey depth are already known
and labeled in SIMBAD, but most selected post-AGB stars are not.
(15) When working with samples containing highly variable objects, such as Mira variables or even
some semi-regular variables, SkyMapper colors built from the SkyMapper dr2.master catalog
are not physically meaningful. This is because the SkyMapper catalog pipeline clips outlying
measurements in its construction of the master catalog. To solve this problem, we presented
an effective technique for reconstructing an average of nightly snapshot colors from the full
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dr2.photometry table of individual measurements, without which symbiotic stars and many
isolated Miras would share the same space in the u-g u-v diagram.
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Chapter 4: Broad absorption line symbiotic stars: highly ionized species in
the fast outflow from MWC 560
Previously published as Lucy, Knigge, & Sokoloski (2018). MWC 560 is one of the 10 or 11
optically-flickering symbiotics known before 2021 (Bond et al. 1984), and offers an early win-
dow into the regimes that could one day be explored with a large sample of optically-flickering
symbiotics.
4.1 Introduction
Accretion onto compact objects exhibits similar phenomenology across a wide range of mass
scales, spanning over nine orders of magnitude from supermassive black holes to white dwarfs.
In fact, MWC 560 (≡V694 Mon) and CH Cyg—each believed to constitute a white dwarf (WD)
accreting from a red giant (RG), the most common kind of symbiotic star—have been called ‘nano-
quasars,’ because broadening their emission lines by a factor of 10 produces optical spectra that
almost identically resemble the archetypal Seyfert 1 galaxy I Zw 1 (Zamanov & Marziani 2002).
MWC 560 also usually exhibits blue-shifted broad absorption lines (BALs1) from a jet (Schmid
et al. 2001) or disk wind. The blue edges of these lines vary between 900–6000 km s−1 from the
Balmer transitions and combinations of Al III, Mg II, Fe II, Cr II, Si II, C II, Ca II, Mg I, Na I, O I,
and He I, including various excited-state, metastable-state, and resonance transitions (Tomov et al.
1990a; Tomov et al. 1992; Michalitsianos et al. 1991; Schmid et al. 2001; Meier et al. 1996).
MWC 560 thus resembles the rare subset of Fe II low-ionization BAL quasars (FeLoBALs) with
Balmer BALs; symbiotic nebulae typically have electron densities up to 108–1012 cm−3, com-
parable to the densities necessary to populate Balmer absorption in photo-ionized quasar winds
1We ignore the distinction between BALs and mini-BALs appearing in the quasar context, where the richer sample
size sometimes motivates formalism (e.g., Knigge et al. 2008).
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(Hall 2007; Leighly, Dietrich, & Barber 2011; Williams et al. 2017). However, MWC 560 has
seemed to be missing the set of higher-ionization ultraviolet (UV) resonance BALs—C IV _1550Å,
Si IV _1400Å, and N V _1240Å—exhibited by many cataclysmic variable (CV) winds (Shlosman
& Vitello 1993) and all BAL quasars outflows (Weymann et al. 1991).
Optical flickering from the accretion disk, TiO bands from the M giant, and BALs from the
disk outflow led Bond et al. (1984) to an accurate description of MWC 560, but the system became
popular during an optical brightening peak in 1990. The Balmer BALs reacted dramatically, with
blue edges up to 6000 km s−1 shifting by thousands of km s−1 in mere days (Tomov et al. 1990a),
and the inner accretion disk may have been partially evacuated during that year (Zamanov et al.
2011b). MWC 560 later attracted renewed interest in 2016, when it brightened to V≈9 for the first
time since 1990 (Munari et al. 2016). No signs of inner-disk evacuation were observed in 2016—
and once the peak optical flux was reached, the Balmer BALs varied stably alongside weeks-long
changes in the accretion rate, with blue edges up to 3000 km s−1 at most (Lucy et al. 2020). The
1990 optical high state thus remains a uniquely volatile incident in the recorded history of MWC
560. As we will show, there are still new insights to be gleaned from the 28-year-old observations
of this event.
Setting the stage for our analysis, MWC 560’s UV spectrum is usually obscured by a curtain
of absorption by Fe II and similar ions (Michalitsianos et al. 1991). This iron curtain weakened
dramatically by the end of 1990 April (Skopal 2005), allowing us to see the outflow in a rare,
unobscured state. When the next UV spectrum was obtained, on 1990 September 26, the Fe II
absorption had returned with even more optical depth than before (Maran et al. 1991). The iron
curtain was never again observed to vanish, even during Swift observations throughout the 2016
optical high state (Lucy et al. 2020).
The paper is structured as follows: We describe the archival data (§ 4.2). We show that a to-
tal disruption of the iron curtain in 1990 April unveiled high-ionization UV BALs, which were
previously misidentified as Si II and Fe II (§ 4.3). We discuss the physical consequences of this
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Figure 4.1:
Top panel: IUE spectra show that MWC 560’s iron curtain obscured the UV in 1990 March, vanished in 1990 April,
and returned by 1991 September. We re-normalized all spectra to the maximum (1990 April 29) median flux density
longward of 3000Å, and did not deredden. Line identifications for the 1990 April spectrum are marked at their rest
wavelengths.
Middle panel: Predicted optical depth (g) relative to the strongest value (g<0G), for the Fe II transitions from near the
ground state (§ 4.3.2) in 10Å bins, excluding higher-excitations populated during iron curtain phases (e.g., on the blue
wing of Mg II).
Bottom panel: The Balmer FeLoBAL quasar J172341.1+555340.5 (Hall et al. 2002) resembles the iron curtain states
of MWC 560, while the LoBAL quasar J140125.6+581650.7 (Gibson et al. 2009) resembles the 1990 April spectrum
(§ 4.4.3). These Sloan Digital Sky Survey spectra were obtained from the Science Archive Server, corrected for
redshift and the negligible Galactic extinction on their sightlines (Green et al. 2015), normalized to match pseudo-
continua on an arbitrary scale, and smoothed to resolving power R=400. The FeLoBAL was further dereddened in its
rest frame for E(B-V)=0.15 of SMC bar extinction (Gordon et al. 2003).
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which has been optically thick at every other epoch (§ 4.4.1–§ 4.4.3). The high-ionization BALs
link MWC 560 with symbiotic star AS 304 (≡V4018 Sgr), and show that these objects are pro-
totypes for an emerging class of BAL symbiotics (§ 4.4.4). Last, we summarize our conclusions
(§ 4.5).
All velocities and wavelengths for MWC 560 are heliocentric.
4.2 Data
We retrieved NEWSIPS pipeline reductions of several International Ultraviolet Explorer (IUE)
large-aperture spectra in the far-UV (FUV; 1150–1975Å) and near-UV (NUV; 1910–3300Å), in-
cluding all UV spectra observed in 1990 April, from the Mikulski Archive for Space Telescopes
(MAST). Table 4.1 lists the spectra, which were previously published in Michalitsianos et al.
(1991), Maran et al. (1991), and Bond et al. (1984).
Fig. 4.1 exemplifies the low-resolution (4–8Å) spectra. The chosen dates follow Figure 1 in
Skopal (2005), which was designed to exhibit the varying depths of MWC 560’s iron curtain.
4.3 Results: Line Identification
4.3.1 High-ionization BALs
The deepest absorption features in the 1990 April 29.90 and 30.02 spectra are located at
the expected positions of blue-shifted BALs from the high-ionization C IV _1548.20, 1550.77Å,
Si IV _1393.76, 1402.77Å, and N V _1238.82, 1242.80Å doublets and He II _1640Å multiplet, as
shown by rest-wavelength line-labels in Fig. 4.1. The velocity profiles of these strong and rapidly
variable BALs are shown in Fig. 4.2. The Si IV BAL is confirmed by the 9.0Å (1900 km s−1) Si IV
doublet separation, which is about twice the local full-width-half-max spectral resolution and is
observed in the trough (Fig. 4.2). Subtracting the doublet separations, the C IV and Si IV troughs
extend to at least 4000 km s−1. N V is contaminated by LyU absorption at high velocities. He II
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Figure 4.2: Velocity profiles from the high-ionization BALs in IUE spectra from 1990 April 29.90 (top) and 30.02
(bottom), and Mg II for comparison, with zero-velocity set to the rest wavelength of the reddest transition in each
doublet or multiplet (§ 4.3.1). The Si IV doublet separation is marked at -1800 km s−1. Flux density is normalized to
the median value between +3000 and +6000 km s−1.
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Figure 4.3: The vertical lines drawn on this IUE spectrum from 1990 April 30.02 are Si II (dashed) and P II (hashed)
transition rest wavelengths from Table 4.2. Atomic physics predicts that the two absorption complexes should be
comparably strong, so the comparison region (left) shows that Si II+P II cannot account for the absorption trough near
1550Å (right).
Table 4.1: Selected IUE spectra of MWC 560 from Michalitsianos et al. (1991), Maran et al. (1991), and Bond et al.
(1984).
Date (UT) IUE ID Bandpass (Å) Resolution (Å)
1984 Mar 10.95 SWP22459 1150–1975 4–7
1984 Mar 10.93 LWP02920 1910–3300 5–8
1990 Mar 14.98 LWP17534 1910–3300 5–8
1990 Mar 14.99 SWP38361 1150–1975 4–7
1990 Apr 29.90 SWP38698 1150–1975 4–7
1990 Apr 29.92 LWP17832 1910–3300 5–8
1990 Apr 29.94 LWP17833 1845–2980 0.1–0.3
1990 Apr 30.02 SWP38699 1150–1975 4–7
1991 Sep 29.12 LWP21366 1910–3300 5–8
1991 Sep 29.14 SWP42580 1150–1975 4–7
4.3.2 Evidence against prior identifications
The feature we assign to C IV _1550Å was previously misidentified as Si II near zero-velocity
(Michalitsianos et al. 1991; Maran et al. 1991) blended with P II (Maran et al. 1991). Table 4.2
shows that there is a complex of Si II and P II transitions near 1304Å with lower levels and oscillator
strengths almost identical to those of Si II and P II near 1550Å. Fig. 4.3 shows that the 1304Å
complex is only observed weakly and at large blue-shifts (if at all) in 1990 April. Therefore,
Si II and P II cannot produce the deep trough near 1550Å. Moreover, there are no Si II transitions
from close to the ground state near the feature we assign to He II _1640Å, further contradicting
line labels in Michalitsianos et al. (1991). Our transition data are from the National Institute of
Standards and Technology (NIST; Kramida et al. 2017); we checked for additional lines in Kurucz
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Table 4.2: NIST lab data showing that the 1304Å and 1526Å complexes of Si II and P II share similar line strengths:
wavelength (_;01), lower-level excitation above the ground state (E;), oscillator strength (f), and lower-level statistical
weight (g;).
Ion _;01 (Å) E; (eV) f g;
Si II 1526.71 0 0.133 2
Si II 1304.43 0 0.093 2
Si II 1533.43 0.036 0.133 4
Si II 1309.27 0.036 0.080 4
P II 1532.53 0 0.008 1
P II 1301.87 0 0.038 1
P II 1535.92 0.020 0.006 3
P II 1536.42 0.020 0.002 3
P II 1304.49 0.020 0.013 3
P II 1304.68 0.020 0.009 3
P II 1305.50 0.020 0.016 3
P II 1542.30 0.058 0.006 5
P II 1543.13 0.058 0.001 5
P II 1543.63 0.058 0.000 5
P II 1309.87 0.058 0.010 5
P II 1310.70 0.058 0.028 5
& Bell (1995).
The lines we assign to Si IV _1400Å and N V _1240Å were misidentified as Fe II (Michalit-
sianos et al. 1991; Maran et al. 1991). In modeling the 1990 March 14 iron curtain, Shore, Auf-
denberg, & Michalitsianos (1994) later speculated that Si IV was probably present. In fact, the
situation is clearer in the 1990 April spectra, in which most Fe II absorption has vanished. Any
remaining weak lines would be from easily-populated (see Lucy et al. 2014) excitations less than
0.4 eV above the ground state, there being no excitation states between 0.39 eV and 0.98 eV in the
Fe+ atom. We summed the relative optical depths of these low-excitation lines (oscillator strength
× statistical weight × wavelength) into 10Å bins to show that they cannot produce deep FUV ab-
sorption without producing deep NUV absorption, which is not observed in 1990 April (Fig. 4.1).
The only sign of iron-like absorption comes from a few of the strongest low-excitation lines (e.g.,
Fe II _2600Å) observed in the high-resolution NUV spectrum from 1990 April 29 as zero-velocity,
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saturated absorption < 1Å wide; these narrow, possibly-interstellar lines do not produce deep fea-
tures in the low-resolution spectra. Thus, although low-ionization lines may weakly contaminate
the high-ionization BALs on 1990 April 29–30, they cannot account for them.
4.4 Discussion
4.4.1 Ionization and velocity structure
Our results show that photo-ionization is likely a prominent mechanism in the outflow from
MWC 560’s accretion disk. The broad and continuous velocity distributions of BALs from a
wide range of ionization states argue against collisional ionization in discrete shocks or a star-like
photosphere alone. Ionizing photons of at least 33, 48, and 77 eV can populate the Si IV, C IV, and
N V BAL transitions, respectively; these are emitted in sufficient quantities at the ∼105 K inner
radii of a WD accretion disk with MWC 560’s parameters (Schmid et al. 2001).
The presence of high-ionization lines is consistent with the high-velocity absorption from
He I _10830Å in 1990 April 12 and 1991 January 25 infrared spectra of MWC 560 (Meier et
al. 1996). This transition’s metastable lower level is populated by recombinations of He+; the ion-
ization potentials of neutral helium and He+ are 25 and 54 eV, respectively, so upward transitions
from this state can be partially co-spatial with C IV and Si IV (Leighly, Dietrich, & Barber 2011).
The high-ionization C IV and Si IV BALs exhibit maximum radial velocities at least 1000 km s−1
faster than the contemporaneous low-ionization Mg II _2800Å resonance line (Fig. 4.2). This be-
havior is also observed in BAL quasar outflows, for which various explanations have been pro-
posed. Dense, self-shielding clumps may be embedded in a faster, higher-ionization gas (Voit,
Weymann, & Korista 1993). Equatorial winds can comprise vertically-stratified layers of ion-
ization state and velocity (Matthews et al. 2016). Or an outflow may decelerate along the line
of sight, with fast gas close to the photo-ionizing source shielding radially-slower gas closer to
the observer (Voit, Weymann, & Korista 1993). One or more of these geometries, which are not
mutually-exclusive, could apply to MWC 560.
The He II BAL likewise appears to be slower than the C IV and Si IV BALs, probably for a
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different reason. This behavior is observed in CV and stellar winds, in which the He II _1640Å
multiplet’s highly-excited lower level (41 eV above the ground state) is thought to be collisionally
populated in the hot, dense base of the outflow, where the gas is still accelerating (Hoare 1994;
Smith 2006).
4.4.2 Vanishing curtains and novae
Both ground-state and high-excitation Fe+ vanished in 1990 April. The iron curtain has been
present in every other UV spectrum of MWC 560, including observations in 1984 (Bond et al.
1984), 1990 January–March and late 1990–1993 (Michalitsianos et al. 1991; Skopal 2005), 1995
(IUE PI: Starrfield), and throughout a 2016 high state that rivaled 1990 in bolometric luminosity
(Lucy et al. 2020), suggesting that the disappearance of Fe+ signified more than a simple increase
in ionizing luminosity.
Instead, the vanishing curtain probably corresponded to a temporary decrease in hydrogen col-
umn density—i.e., in total mass along the line of sight. In strongly photo-ionized plasma, iron is
distributed between Fe+2, Fe+3, and Fe+4, making it difficult to form much Fe+ even through re-
combination (see §4.3 in Lucy et al. 2014). Other ‘iron curtain’ elements like silicon and chromium
(but not magnesium2) have similar ionization potentials and behave in the same way. Iron curtain
ions may survive only when enough mass is present to self-shield some portion of the outflow
against high-energy photons.
The decline in column density during 1990 April was likely related to (1) the 1990 January–
April optical brightening, which marked both a periodic peak in the system’s light curve and a
unique, non-periodic, and permanent tripling of the optical luminosity (Leibowitz & Formiggini
2015; Munari et al. 2016); (2) the dramatic mass ejections of 1990 January–April, which yielded
detached BALs blue-shifted up to a system record of 6000 km s−1 (Tomov et al. 1990a; Tomov
et al. 1992); and (3) the post-outburst, year-long suppresion of optical flickering and slowing of
2Although Mg+ and Fe+ have similarly small ionization potentials, Mg+2 can dominate thanks to its large 80 eV
ionization potential; recombination can then yield sufficient Mg+ for opacity at 2800Å (Lucy et al. 2014), explaining
the persistence of that BAL in MWC 560.
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absorption speeds to less than 1000 km s−1 in late 1990–1991 (Zamanov et al. 2011b). Coverage
of the spectral response to these events is incomplete; to our knowledge, no optical spectra were
obtained 1990 April 4 through October 22, and no UV spectra were obtained 1990 May 1 through
September 25.
Although MWC 560 is unlikely to have ejected a nova-like shell3, it is nevertheless instructive
to note that high-ionization UV BALs are briefly observed as P Cygni profiles immediately after
an iron curtain phase in some thermonuclear novae (Shore et al. 1993; M. J. Darnley 2018, private
communication). The ejected mass rarefies as it expands, erasing the outer, heretofore-shielded,
Fe+ component. The similarity suggests that MWC 560’s wind temporarily turned off in 1990
April after a series of powerful gusts, resulting in the nova-like phenomenology of a discrete mass
ejection. This pattern supports the ‘discrete’ and ‘quasi-stationary’ taxonomy proposed by Kolev
& Tomov (1993) for MWC 560’s optical absorption lines.
4.4.3 A BAL nano-quasar
To our knowledge, there is no other accretion disk in the Galaxy observed to contain a similar
range of ionization and excitation states in a persistent BAL outflow. There are CVs that exhibit
both Balmer and C IV BALs (Kafka & Honeycutt 2004), but we have found no reports of any CV
or X-ray binary known to have also exhibited Mg II and Fe II BALs except during thermonuclear
novae. Unlike novae, Balmer BALs and the iron curtain are almost-permanent properties of MWC
560’s spectrum for years at a time. Likewise, the high-ionization UV BALs may be present in
every MAST-archived FUV spectrum of MWC 560, including the one obtained by Bond et al.
(1984), although contamination by the optically thick iron curtain precludes certainty at all epochs
besides 1990 April.
Rather, MWC 560 best resembles Balmer FeLoBAL quasars, wherein photo-ionization models
favor high densities in the BAL wind—comparable to densities in symbiotic nebulae (§ 4.1). These
3The optical photometry did not appear to fade substantially during 1990 April–May (Tomov et al. 1990b), in
contrast to the optical decline observed during the lifting of the iron curtain in novae (e.g., Shore 2012).
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quasar winds persistently exhibit a similarly wide range of ionization states4 and similar spectra;
see the quasar spectra in Fig. 4.1. Moreover, iron curtain absorption has recently been observed to
vary dramatically and even vanish in some FeLoBAL quasars, albeit on slower timescales than in
MWC 560 (Rafiee et al. 2016; see also Hall et al. 2011; McGraw et al. 2015; Zhang et al. 2015;
Stern et al. 2017).
4.4.4 The BAL symbiotics
The C IV, Si IV, and N V BALs in MWC 560 illuminate a link to another symbiotic WD+RG
binary: Munari & Buson (1993) showed that AS 304 contains absorption blue-shifted up to
2200 ±400 km s−1 from only C IV, Si IV, and N V. Its FUV spectrum was observed only in 1992,
but this observation was not prompted by any particular event, so there is no reason to think that
the BALs were transient. The He II emission strength indicated a high luminosity on the order of
104 L (Munari & Buson 1993), which likely required nuclear burning on the surface of the white
dwarf to power. The ionization parameter in AS 304’s outflow was therefore large, contributing to
the absence of low-ionization (and in this case, optical) absorption.
In MWC 560, optical and UV flickering (Bond et al. 1984; Tomov et al. 1996; Zamanov et al.
2011a; Lucy et al. 2020; though see Zamanov et al. 2011b) and hard X-rays sometimes observed
from the boundary layer (Stute & Sahai 2009) indicate an accretion disk without WD surface
burning (see Luna et al. 2013). Thus, both hot burning (AS 304) and cooler non-burning (MWC
560) symbiotics can sustain persistent BAL outflows.
MWC 560 and AS 304 have cousins in symbiotics with transient or low-velocity absorption.
CH Cyg, a non-burning WD+RG binary with optical flickering, exhibited Balmer BALs with blue
edges around 2000 km s−1 in 2017 January (Iijima 2017); this absorption recurred sporadically
throughout the year (Teyssier & et al. 2017), sometimes appearing and vanishing within 1.5 hours
(T. Iijima 2017, private communication). Z And, a burning-powered WD+RG binary, briefly exhib-
ited a Balmer BAL blue-shifted up to ≈1700 km s−1 on 2006 July 9 (Figure 7 in Tomov, Tomova,
4Except for He II, whose absence in quasar outflows has been interpreted as a lower limit on the distance of
absorbing material from the disk (Wampler, Chugai, & Petitjean 1995).
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& Bisikalo 2013), near the peak of a 2 magnitude optical outburst. Meanwhile, many more sym-
biotics (Tomov, Tomova, & Bisikalo 2013) and purported Be stars with cool giant companions
(including the iron stars; Cool et al. 2005) exhibit substantially narrower 100–1000 km s−1 ab-
sorption lines; we will not here attempt to disentangle their heterogeneous population, but some
may mimic BAL outflow behaviors (Tomov, Tomova, & Bisikalo 2013).
The transient BAL outflows from symbiotics coexist with narrow jets, but the lines of sight
to Z And and CH Cyg are severely misaligned from any plausible jet axis. Eclipses in CH Cyg
indicate a large inclination angle (Skopal et al. 1996) and the jet is extended in the plane of the
sky (Weston 2016, and references therein), suggesting that the jet cannot produce the BALs. We
view Z And’s orbit at an inclination angle of 47 ±12° (Schmid & Schild 1997), and marginally
resolved jets have been seen perpendicular to the orbital plane (Brocksopp et al. 2004) and 20°
west of the perpendicular’s projection in the sky (Sokoloski et al. 2006; Kenny 1995). Burmeister
& Leedjärv (2007) inferred a 1700 km s−1 jet during the 2006 outburst from narrow emission lines
at ±1150 km s−1, assuming that the jet was perpendicular to the orbit. Speculatively, the similarity
between the jet and BAL velocity during this outburst might suggest that the opening angle of a
jet-feeding wind briefly spread into the line of sight.
Likewise, the degree to which MWC 560’s outflow is collimated could vary with its strength.
It probably is a generally polar outflow viewed at a small inclination angle5, but BAL quasars and
CV winds show that it is problematic to constrain the degree to which a BAL outflow is collimated
just from the ratio of absorption to emission equivalent widths (Turnshek 1997; Hamann, Korista,
& Morris 1993; Voit, Weymann, & Korista 1993; Drew 1987). BAL-producing outflows with
wider opening angles than jets would help to explain the high incidence rate of BAL symbiotics,
which now appear to be surprisingly well represented among the ∼10 (e.g., Brocksopp et al. 2004)
symbiotics with known jets. Even with large half-opening angles up to ±15° (as for the R Aqr jet;
Schmid et al. 2017), less than 3.5% of jets should point towards Earth—although a larger fraction
might exhibit slower and shallower absorption projected into the line of sight.
5See discussion in Schmid et al. (2001) of unpublished echelle-spectrograph limits on TiO absorption band motion.
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Voit, Weymann, & Korista (1993) proposed that low-ionization BAL quasars (cf. MWC 560,
Z And in outburst, and CH Cyg) may represent a young evolutionary phase when accretion disk
outflows entrain an ambient shroud of dust and gas, which disperses to lower column densities
once exclusively high-ionization BALs are observed (cf. AS 304). The dense, frequently Fe+-rich
nebulae from cool-giant mass loss in symbiotic binaries (Shore & Aufdenberg 1993) resemble
young quasar environments. We predict that higher-cadence FUV/optical spectral observations
and larger sample sizes of both burning and non-burning symbiotics will lead to the detection of
more BAL systems than narrow jets alone could produce, and open a window into the physics and
geometry of quasar outflows on a nano-scale.
4.5 Chapter Conclusions
(1) The FUV spectrum of symbiotic star MWC 560 contains high-ionization BALs from C IV,
Si IV, N V, and He II (§ 4.3, Fig. 4.2). They were unveiled most clearly on 1990 April 29–
30, the only time throughout decades of UV observations that MWC 560’s curtain of low-
ionization iron absorption vanished (Fig. 4.1).
(2) The maximum radial velocities of the Mg II and He II BALs were at least 1000 km s−1 slower
than contemporaneous C IV and Si IV BALs. These differences have precedents; Mg II is
slower than C IV and Si IV in BAL quasars, and He II is slower than C IV and Si IV in CV
and stellar winds (§ 4.4.1).
(3) The usually-persistent wind in MWC 560 temporarily switched to a discrete ejection phase
in 1990. This finding is supported by the phenomenology of some novae, in which the iron
curtain lifts to unveil high-ionization UV BALs (§ 4.4.2).
(4) Additional BAL symbiotics exist (§ 4.4.4). The high-ionization BALs in MWC 560 illustrate
a similarity to symbiotic star AS 304, which exhibits exclusively C IV, Si IV, and N V BALs
(Munari & Buson 1993). Z And and CH Cyg have exhibited transient Balmer BALs (Tomov,
Tomova, & Bisikalo 2013; Iijima 2017); these transient BAL symbiotics contain jets, but the
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jets do not point towards Earth. Wide-angle disk winds are sometimes required to explain the
BAL symbiotics, and may account for why the number of symbiotics with BALs is no longer
negligible relative to the ∼10 symbiotics with jets.
(5) MWC 560 and AS 304 most resemble Balmer FeLoBAL quasars and high-ionization BAL
quasars, respectively (§ 4.4.3, § 4.4.4). Both symbiotic star and quasar accretion disks are
sometimes embedded in regions of dense gas and dust, so the evolution of these systems may
involve similar physics.
Acknowledgments
We thank Matt Darnley for insights on connections to novae and editorial comments. ABL
thanks Ulisse Munari, Karen Leighly, and Takashi Iijima for other edifying conversations. We
thank Michael Rupen, Paul Kuin, Nirupam Roy, Gerardo Juan Manuel Luna, Jennifer Weston,
and Peter Somogyi for editorial comments. ABL thanks the LSSTC Data Science Fellowship
Program; their time as a Fellow has benefited this work. We are supported by NSF DGE-16-
44869 (ABL), NSF AST-1616646 (JLS), and Chandra DD6-17080X (ABL, JLS). We gratefully
acknowledge our use of pysynphot (STScI Development Team 2013), PyAstronomy (https:
//github.com/sczesla/PyAstronomy), extinction (Barbary 2016), the Mikulski Archive
for Space Telescopes (MAST), the International Ultraviolet Explorer (IUE), the Sloan Digital Sky
Survey (SDSS), NASA’s Astrophysics Data System (ADS), the SIMBAD database operated at
CDS, and the National Institute of Standards and Technology (NIST).
348
Chapter 5: Regulation of accretion by its outflow in a symbiotic star: the
2016 outflow fast state of MWC 560
Previously published as Lucy et al. (2020).
5.1 Introduction
White dwarf (WD) symbiotic stars, hereafter symbiotics, are interacting binaries in which a
WD accretes from a cool giant. They have larger accretion discs than their counterparts with main-
sequence-like donors (cataclysmic variables: CVs), and several have spatially resolved jets. They
are candidate progenitors for single-degenerate supernovae Ia (e.g., Cao et al. 2015; Munari &
Renzini 1992) and possible ancestors of double-degenerate supernovae Ia, raising the stakes for
understanding their accretion discs, WD masses, and evolution. Accretion disc outflows may be
fundamental to that investigation.
MWC 560 (≡V694 Mon) is a remarkable symbiotic in which the accretion disc drives a pow-
erful outflow, producing broad, blue-shifted, variable absorption lines that extend up to thousands
of km s−1 from atomic transitions in the infrared (IR), optical, near-ultraviolet (NUV), and far-
ultraviolet (FUV): He I, H I, Al III, Mg II, Fe II, Cr II, Si II,C II, Ca II, Mg I, Na I, O I, C IV, Si IV,
and N V (Bond et al. 1984; Tomov et al. 1990a; Iijima 2001; Michalitsianos et al. 1991; Tomov et
al. 1992; Meier et al. 1996; Schmid et al. 2001; Goranskij et al. 2011; Lucy, Knigge, & Sokoloski
2018). It may be the prototype of a population of broad absorption line symbiotics (Lucy, Knigge,
& Sokoloski 2018), and a useful nanoscale-mass analogy to quasars both in terms of its emission
lines (Zamanov & Marziani 2002) and its absorption lines (Lucy, Knigge, & Sokoloski 2018). The
distance to the system is probably about 2.5 kpc (Appendix A). The red giant (RG) is mid-M and
not a Mira; the infrared spectrum is S-type in that it is dominated by the RG rather than by dust
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(Meier et al. 1996). The WD mass is probably at least 0.9 M (Zamanov et al. 2011b, Stute &
Sahai 2009). The outflow may be a highly-collimated, baryon-loaded jet (Schmid et al. 2001) or a
polar wind with a wider opening angle (Lucy, Knigge, & Sokoloski 2018). Zamanov et al. (2011b)
have previously proposed that switching between different mass outflow regimes in MWC 560 is
related in some way to switching between different regimes of mass inflow in the inner accretion
disc, but the nature of that relationship is undetermined.
Here we describe coordinated multi-wavelength observations of MWC 560 conducted during
2016, prompted by the January 2016 peak of a year-long rise in optical flux (which may have been
predicted by the system’s flux periodicities; Leibowitz & Formiggini 2015). Our 2016 observations
are supplemented by data collected throughout the preceding decade. In § 5.2, we describe our
observations and data reduction in the optical (§ 5.2.1), radio (§ 5.2.2), X-ray (§ 5.2.3), and NUV
(§ 5.2.4) wavebands. We present our results in § 5.3, examining the optical absorption (§ 5.3.1),
the radio flux (§ 5.3.2), the X-ray spectrum (§ 5.3.3), the NUV absorption (§ 5.3.4), and the optical
and NUV flickering (§ 5.3.5). We cohere our results into a physical narrative in § 5.4, describing
the state of the outflow (§ 5.4.1) and of the accretion disc (§ 5.4.2), then demonstrating a regulatory
relationship between the disc and its outflow over the course of MWC 560’s history (§ 5.4.3). We
summarize our conclusions in § 5.5.
Throughout this paper, we use heliocentric velocities, and scale to a distance of 2.5 kpc and a
WD mass of 0.9 M unless otherwise noted.
5.2 Observations and Data Reduction
5.2.1 Optical spectroscopy
We obtained 74 optical spectra of MWC 5601, listed in Appendix B and delineated below.
We obtained 30 echelle spectra with two telescopes at Asiago: the ANS Collaboration 0.61m
operated in Varese by Schiaparelli Observatory, and the 1.82m operated by the National Institute of
Astrophysics (INAF). The Varese 0.61m telescope used an Astrolight Instruments mark.III Multi
1Including one spectrum presented previously in Munari et al. (2016).
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Mode Spectrograph with a SBIG ST10XME CCD camera, covering 4225–8900 Å in 27 orders
with a spectral resolution of R=18000, The Asiago 1.82m telescope used the REOSC Echelle
spectrograph with an Andor DW436-BV and an E2V CCD42-40 AIMO back illuminated CCD,
covering 3600–7300Å in 32 orders with R=20000.
The wavelength calibration for each echelle spectrum was obtained by exposing on a Thorium
lamp before and after the science spectrum. A pruned list of about 800 unblended Thorium lines
evenly distributed along and among the Echelle orders was fitted to the observed spectra, providing
a wavelength solution with an rms of 0.005 and 0.009 Å (≡0.3 and 0.6 km s−1) for the Asiago and
Varese spectrographs, respectively.
We also obtained 16 spectra with R≈1300 (3300–8050 Å) at Asiago with the 1.22m telescope
+ B&C spectrograph, operated in Asiago by the University of Padova, using an ANDOR iDus
DU440A with a back-illuminated E2V 42-10 sensor.
At all Asiago telescopes, the long slit, with a 2 arcsec slit width, was aligned with the parallactic
angle. Spectrophotometric standards at similar airmass were observed immediately before and
after MWC 560. The spectra were similarly reduced within IRAF, carefully involving all steps
connected with bias correction, darks and flats, long-slit sky subtraction, and wavelength and flux
calibration.
We obtained 10 spectra with R≈1300 (3750-7350 Å) using a home-built slit-spectrograph
mounted on an 8-in C8 Schmidt-Cassegrain telescope located in L’Aquila, Italy. The slit width
was set to 3 arcsec and a fixed East-West orientation. The wavelength solution was obtain by fit-
ting to an Ar-Ne comparison lamp, and observation of spectrophotometric standard stars was used
to flux the spectra. Due to the consistency of the data reduction process for these spectra and the
close match to other spectra when they were taken at similar times, we will hereafter group these
data with the 1.22m telescope + B&C spectrograph spectra, which have the same resolving power.
We obtained 10 HU spectra of varying resolutions with a Shelyak LHires III spectrograph,
using 150–2400 gr mm−1 gratings and an ATIK 414 EXm camera, on 25 and 30 cm Newtonian
telescopes located in Tata, Hungary. Slit widths varied from 15 to 35 microns. These spectra were
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reduced in ISIS following the standard procedure. The response calibrator star was fit with a 3rd
order polynomial for spectra with R∼3000 and above, and a manually selected spline for lower-
resolution spectra only. The response calibration does not exhibit any features that would give rise
to results discussed in this paper.
We obtained 8 spectra with the 2m fully robotic Liverpool Telescope (LT; Steele et al. 2004)
using the FRODOSpec instrument (Barnsley, Smith, & Steele 2012). FRODOSpec was operated in
its “low resolution” mode, obtaining spectra covering 3900–5700 Å and 5800–9400 Å at a resolu-
tion of ' ∼ 2500. Each spectra epoch consisted of 3× 60 s exposures. Wavelength calibration was
performed by comparison to a Xe arc lamp and the data were reduced using the pipeline described
in Barnsley, Smith, & Steele (2012).
5.2.2 Radio
In 2016, we observed for a total of 18 hours on the VLA through Projects 16A-448 and 16A-
490, divided between 5 epochs in the S band (3.1 GHz), 7 epochs in the X band (9.8 GHz) and 4
epochs in the Ka band (33.1 GHz). Additionally, on 2014 October 2, we observed MWC 560 in
the X band using about 2 hours of VLA Project 14B-394. More observational details are listed in
Table 5.1.
We observed 3C147 for flux/gain calibration in all bands, QSO J0730-116 for phase calibration
in S and X, J0724-0715 for phase calibration in Ka, and J0319+4130 for polarization leakage cali-
bration in the later epochs. Source/phase-calibrator switching was performed at the recommended
rates for each band and antennae configuration; pointing observations and slews to the satellite free
zone were used when appropriate.
We used the default correlator setups for broadband continuum observations in all bands, in-
cluding 8-bit samplers in S-band and 3-bit samplers in X and Ka bands, full polarization products,
and effective bandpass sizes (after data reduction) of 2.05 (S), 4.1 (X), and about 8.1 (Ka) GHz.
We reduced the data following the standard analysis procedure using the Common Astronomy
Software Applications (CASA) and the Astronomical Image Processing System (AIPS) software
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Date a Config.b Band ā (GHz) c On-source time (min) Flux density (`Jy) fA0=3 (`Jy) d fC>C (`Jy) e
2014 Oct 02 DnC X 9.83 88 37 3 4
2016 Apr 04 C X 9.84 68 85 4 6
2016 May 01 CnB X 9.84 66 105f 19f 20
2016 May 24 B X 9.86 67 136 4 8
2016 Jul 29 B X 9.82 40 175 5 10
2016 Oct 17 A X 9.85 40 144 4 9
2016 Nov 09 A X 9.85 45 138 4 8
2017 Jan 18 A X 9.80 42 120 4 7
2016 May 24 B S 3.10 67 128 5 8
2016 Jul 29 B S 3.08 38 163 7 11
2016 Oct 17 A S 3.07 38 162 7 11
2016 Nov 09 A S 3.08 37 135 7 10
2017 Jan 18 A S 3.11 37 112 6 8
2016 Jul 29 B Ka 33.07 22 183 16 24
2016 Oct 12 A Ka 33.07 21 153 10 19
2016 Nov 09 A Ka 33.09 26 163 10 19
2017 Jan 18 A Ka 32.96 24 128 11 17
Table 5.1: VLA observations and results. All detections were unresolved point sources.
a UT date at block start. All S and Ka band observations were conducted within 3 hours of an X band observation and of each other, except
the 2016 Oct 12 Ka band observation, which was obtained 5 days before the other bands.
b VLA configuration.
c Central frequency after flagging.
d Statistical uncertainty output by AIPS.
e Total uncertainty: statistical uncertainty propagated in quadrature with an estimate of the systematic uncertainty as described in the text.
f Flux density and uncertainty for 2016 May 1 were inferred as described in the text due to a weather-related problem.
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packages. The initial flagging and calibration used the VLA Scripted Calibration Pipeline v1.3.8
in CASA v4.6.0. For the mixed set-up observations, after initial flagging, the data for different
bands were selected and separated into multiple files by running the CASA task split, before run-
ning the pipeline for each band separately. The pipeline output was inspected critically, and, in
some cases, further manual flagging (and then pipeline re-calibration) was also performed. After
flagging and calibration, the visibility data for the target field were converted using the CASA task
exportuvfits to standard FITS format for imaging and self-calibration, which was then performed in
AIPS (version 31DEC16) using the AIPS tasks IMAGR and CALIB. CLEANing boxes (including
strong sources in outlier fields) were used for faster convergence in imaging and deconvolution.
The “phase-only” self-calibration was done using the CLEAN components iteratively. The final
images thus obtained were used to estimate the flux densities and associated statistical uncertainties
using JMFIT in AIPS.
As the target source in all our observations was unresolved, in JMFIT we set DOWIDTH =
-1 (which adopts the restoring CLEAN beam shape for the source) to get robust estimates of the
flux densities. For the S and X band data, we also checked the rough consistency of flux densities
for other nearby sources in the field. The random uncertainty output by AIPS was propagated in
quadrature with an estimated systematic uncertainty of 5% (S and X bands) or 10% (Ka band) of
the measured flux, following Weston et al. (2016), to obtain an estimated total uncertainty fC>C .
The X band observation on 2016 May 1 had some unidentified weather-related problem2, and
we were unable to estimate the flux density of the target robustly for this epoch. However, com-
paring the flux density of three other sources in the field with that of the adjacent epochs, finding
them to be too dim by a factor ≈3.6, and scaling both the target flux and the observed RMS noise
value by 3.6, we obtained an estimate with a large uncertainty. Reassuringly, the estimated value
is intermediate between the flux densities observed on April 4 and May 24.
2The problem was likely a combination of bad weather, bad ionosphere, and low inclination. Gusty winds ap-
proached the recommended X band limit of 15 m s−1, and towards the end of the observation 7 antennae started
auto-stowing in sequence for up to 28 min due to high winds. API RMS phase reached at least 26.4°, close to the 30°
limit. The target elevation ranged from 25 to 11°, close to the recommended limit.
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5.2.3 X-rays
Chandra observed the system in Cycle 17 for 24.76 ks on 2016 March 8.285 UT and 24.76 ks
on 2016 March 9.079 UT, using chip S3 on the ACIS-S array in VFAINT mode without a grating.
We reprocessed the data following standard CIAO (v4.8, CALDB v4.7.2) procedures. Chandra
detected MWC 560 as a point source always within 1 pixel (0.5 arcsec) of the expected coordi-
nates on each dimension. We used dmstat to obtain the centroid source position (to accommodate
uncertainty in the aspect solution and the expected position; for both observations, the calculated
position was 7ℎ25<51B.322,-7°44’07”.99), then extracted PSF-corrected spectra with specextract
(with weight=no correctpsf=yes) using a constant circular source aperture radius of 1.93 arcsec
(the 90% enclosed count fraction radius at 6.4 keV for the Chandra PSF, which is smaller at lower
energies) and a circular background annulus with inner and outer radii of 18 and 30 arcsec. As a
check, we also extracted the Chandra radius with a 2.5 arcsec source aperture radius for compari-
son. The exposure time of good data was 49.3 ks. We extracted light curves from Chandra for the
same source and background regions using dmextract with 1, 5, and 12.5 ks bins.
We observed MWC 560 with the Neil Gehrels Swift Observatory for 48 ks, and reduced data
from the Swift X-ray Telescope (XRT; Burrows et al. 2005) using the online product-building
tool3. The source was only marginally detected at less than 3f, so we did not attempt a centroid.
We used the default grade range, and downloaded spectra corresponding to the average of all Swift
data (2016 March 2 – June 1) and of the last month (2016 May 5 – June 1).
For comparison purposes, we obtained from the XMM-Newton archive an unpublished X-ray
spectrum observed on 2013 April 12 (PI: Stute), reduced following standard procedures in the





We obtained 17 low-resolution (R∼ 150) UV Grism spectra (1700–2900 Å) on Swift UVOT
(Roming et al. 2005) at roughly regular intervals between 2016 March 2 – June 1, using a total of
15 ks on Swift; the dates are listed in Appendix B.
These data were reduced using the Swift UVOT Grism UVOTPY package (version 2.1.3, Kuin
2014, an implementation of the calibration from Kuin et al. 2015). The spectra were extracted
with default parameters and the locations of zeroth order contamination were determined by in-
specting the images. These contaminated regions are approximations; features (especially those
near contaminated regions) that did not recur between spectra obtained at different roll angles may
be spurious. The contaminated regions and a few whole-spectrum quality flags are tabulated in
Appendix B. The wavelength scale was shifted to match the IUE spectrum LWP19113 from 1990
November 2 (Michalitsianos et al. 1991), which we obtained from the IUE archive. We focused
on the 2100-2900Å range for comparison to older observations and to avoid auto-flagged short-
wavelength data and long-wavelength second-order contamination.
We omit from our analysis three spectra noted in Appendix B as having nearby bright first
order flux or as suffering from underestimated flux due to loss of lock, leaving 14 good spectra.
5.2.4.2 UV photometry
We observed MWC 560 with the UVOT UVM2 (_24==2246Å, FWHM=513Å) photometric
filter on Swift for 33.6 ks in event mode from 2016 Mar–Jun, using a 5x5 arcmin hardware window
to minimize coincidence loss.
Reductions were performed in HEAsoft. The data were screened using a development version
of uvotscreen (the stable version at the time, HEAsoft v6.21, could apply the orbit file incorrectly)
using aoexpr="ELV > 10. && SAA == 0" and allowing quality flags of only 0 and 256.
The photometry was extracted following the method described in Oates et al. (2009), and we
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checked the images at each time step. A development version of uvotsource, patched to eliminate
data from debris-shadowed regions on the detector4, was employed using a circular aperture of
usually 5 arcsec radius (with larger radii during periods of mediocre tracking). We then binned the
extracted data into 60 second intervals, propagating the errors appropriately. The same procedures
were performed on a reference star, TYC 5396-570-1.
Our method yielded 21.6 ks of good live exposure on MWC 560. As a check, we also per-
formed a more standard reduction using a stricter attitude filtering expression5, manual removal
of additional intervals with loss of lock or mediocre tracking, and a strict 5 arcsec radius aper-
ture. An additional few thousand seconds of observation were lost using this check method, but all
long-term and short-term variability trends described in this paper were still observed.
5.3 Data Analysis and Results
Fig. 5.1 shows that at the peak of a year-long rise in optical flux tracked by Munari et al. (2016)
and the AAVSO (Kafka 2017), the 2016 outflow fast state began abruptly: Balmer absorption-line
velocities suddenly doubled in January 2016 (§ 5.3.1), radio emissions began rising by 20`Jy/month
(§ 5.3.2), and soft X-rays strengthened by ∼ 10 times (§ 5.3.3). The fast state ended by the time that
radio flux began gradually descending in July 2016 as Balmer absorption velocities decreased; still,
Balmer absorption maximum velocities remained higher than 1500 km s−1 even at the end of 2016,
and as usual, portions of their profile were consistently saturated up to at least HW. The NUV iron
curtain absorption remained optically thick throughout our observations (§ 5.3.4). Optical/NUV
flickering were also persistent throughout (§ 5.3.5).
4https://heasarc.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/uvot/uvotcaldb_
sss_01.pdf
5aoexpr="ANG_DIST < 100. && ELV > 10. && SAA == 0 && SAFEHOLD==0 &&
SAC_ADERR<0.2 && STLOCKFL==1 && STAST_LOSSFCN<1.0e-9 && TIME{1} - TIME < 1.1
&& TIME - TIME{-1} < 1.1"
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5.3.1 Optical absorption
Sometime after the last day of 2015 and before 2016 January 21, the maximum velocity of
MWC 560’s broad, blue-shifted Balmer absorption lines doubled from below 1500 km s−1 into the
2500–3000 km s−1 range. They stayed in this fast state until at least mid-April. The timeline is
illustrated in Fig. 5.1. A 1-month velocity burst in 2015 January–February and the longer outflow
fast state in 2016 stand out in this figure with large equivalent widths of high-velocity Balmer
absorption.
HU velocity profiles in Fig. 5.2 show that 2016 January through mid-April saw consistently
higher velocities than the preceding four years of quiescence, except for the 1-month burst of high-
velocities in 2015 January–February. In the months following 2016 April, the Balmer velocities
gradually decreased, leading to profiles (not plotted) intermediate between typical quiescent and
fast state profiles. Large sections of the line profiles remained saturated in high-resolution spectra
throughout, for Balmer transitions up to at least HW (and HX when included in the wavelength
coverage). At no point during 2016 did maximum Balmer velocities drop below 1500 km s−1 in
high-resolution spectra.
The appearance of high-velocity Balmer absorption in 2016 January was abrupt, occurring
entirely during a 3-week gap in observations. The depth of the absorption line relative to the
continuum decreased between 2015 Mar 8 and 2015 Oct 4, and between 2015 Oct 4 and 2015 Dec
31, which we attribute only to a rise in the underlying emission line. The absorption optical depth
and velocity did not change in this period, even as late as 2015 December 31.
We supplemented our data in Fig. 5.1 and Fig. 5.2 with spectra from other sources, but only in
time periods which were poorly sampled by our data (before and after the 2016 outflow fast state).
47 spectra were obtained from the Astronomical Ring for Access to Spectroscopy (ARAS) public
database6, comprising all spectra before or after the 2016 outflow fast state and covering HU with
a large enough wavelength range for continuum placement. A further 5 spectra were obtained at
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Figure 5.1: Multi-wavelength variability in MWC 560 from 2012 January 1 through 2017 January 31 illustrates the
sudden onset of the 2016 outflow fast state following a slow year-long optical rise. The abrupt jump in high-velocity
optical absorption strength coincided with a strengthening of soft X-ray flux and the initiation of a linear rise in radio
flux density. Also notable is the brief wind burst observed during optical quiescence in 2015 (discussed in § 5.4.3),
immediately preceding the slow optical flux rise.
Top panel: V band photometry from the AAVSO (grey X points; Kafka 2017) and Munari et al. (2016) (purple
star points), a crude proxy for accretion rate through the visual-emitting disc. The AAVSO data are drawn in 1 day
bins (taking the median in linear flux units), and the size of the cross is proportional to the number of contributing
observations ranging from 1 to hundreds; the Munari et al. (2016) data are not binned. Blank regions are between
optical observing seasons.
2nd panel: Equivalent width of the HU absorption trough from blue-shifts faster than -1500 km s−1, from R=18000–
20000 Echelle spectra (black star points), R=1300 spectra taken at Asiago and L’Aquilla (grey circle points) and at
Liverpool (blue-green circle points). These data are supplemented in poorly sampled time periods by spectra with a
variety of resolutions obtained at the SAO by E. Barsukova and V. Goranskij (2017, private communication; grey plus
points), obtained in Tata (blue-green X points), and obtained by volunteers published in the ARAS database (grey X
points). Spectra were smoothed to a common resolution before measuring the equivalent width. Blank regions are
between optical observing seasons.
3rd panel, left axis (purple): Intrinsic soft (plasma temperature constrained to between 0.1 and 1 keV) X-ray outflow-
shock component flux (purple diamond points) from Chandra in 2016 and archival XMM data in 2013.
3rd panel, right axis (black): Radio flux density at 9.8 GHz from the VLA (black circle points).
The vertical dotted line at 2016 January 11 marks the sudden onset of high-velocity absorption, approximated as the
























Figure 5.2: All HU velocity spectra obtained 2016 January through mid-April during the outflow fast state (solid
black lines) or obtained during the 2012–2015 quiescence (solid purple lines; excluding only a 1-month wind burst
starting in 2015 January, which is discussed in § 5.4.3), smoothed to a common resolution of R=450.
communication). We focus on HU because it allows the best time domain coverage in available
data, by far, and a continuum that is easy to place. Individually examining the higher-order Balmer
lines, of which we have poorer temporal coverage but in which the RG contributes less to the
continuum, we found the same variability patterns as for HU.
To obtain the optical absorption plots and equivalent width calculations discussed in this sec-
tion, we first smoothed all spectra to a common resolving power R=450, then normalized the flux to
the continuum in all spectra as measured by the median of the flux -4000 – -3000 km s−1 blueward
of the rest wavelength of HU (with rare exceptions on narrow-band spectra that do not include this
wavelength range, in which case a continuum region was manually obtained). Then we measured
the equivalent width between -1500 and -3000 km s−1, excluding wavelengths with flux higher than
the continuum. Lower-velocity absorption below -1500 km s−1 was ignored in order to minimize
contamination by the variable broad HU emission line. The most variable part of the HU absorption
line throughout the 2012–2016 period was on the high-velocity end—and the Balmer absorption
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lines were always contiguous with their associated emission lines—so this method accurately re-
flects changes in the whole line. We closely examined the spectra individually, validating that this
method did not exaggerate the abruptness of line variability.
In Appendix C, we demonstrate a correlation between high-velocity Balmer absorption strength
and optical/NUV flux on week time-scales throughout the 2016 outflow fast state, as both varied
together in a narrow range around their maxima. High-resolution velocity profiles of HU, HV, and
Fe II in the fast state are also presented in that appendix, along with further details on the spectral
smoothing used in Fig. 5.1 and Fig. 5.2.
5.3.2 Radio rise
The onset of the 2016 outflow fast state coincided with a rapid, roughly 20`Jy/month rise in
flat-spectrum radio emissions up to a maximum of 175 ± 10 `Jy at 9.8 GHz on 2016 July 29, about
5 times brighter than the flux density observed in the only prior radio detection of this system on
2014 October 27. We plot the 9.8 GHz flux density measurements as a function of time in Fig. 5.1.
The flux densities observed at 3.1, 9.8, and 33.1 GHz are tabulated in Table 5.1.
The radio spectrum was always flat between all observed bands, with spectral index U ( ∝ aU,
F=flux and a=frequency) between -0.1 and 0.14 (modulo uncertainties ∼ 0.1); Table 5.2 lists these
measurements. In all cases except the SKa and XKa indices for October, the observations used
to calculate U were obtained nearly simultaneously, within 3 hours of each other. In all cases, the
in-band spectral indices are also consistent with being flat within large uncertainties.
No intra-observation variability was apparent from the visibilities; in particular, we checked for
X-band variability within our brightest observation (2016 July 29) by modelling all other sources
in the field, subtracting the model using uvsub in CASA, and examining the residuals in the visi-
bilities. We also imaged that observation in four equal time sections. The flux of MWC 560 in this
observation was constant within uncertainties (which were 3–4 times larger in the shorter images
than for the whole observation).
7A non-detection was incorrectly reported for the 2014 October 2 observation in Weston (2016) and Lucy, Weston,
& Sokoloski (2016), and corrected by the erratum Lucy, Weston, & Sokoloski (2017).
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Bands Epoch U fU
SX (3.1 to 9.8 GHz) 2016 May 24 0.05 0.07
2016 Jul 29 0.06 0.07
2016 Oct 12 -0.10 0.07
2016 Nov 09 0.02 0.08
2017 Jan 18 0.06 0.08
SKa (3.1 to 33 GHz) 2016 Jul 29 0.05 0.06
2016 Oct 12,17a -0.03 0.06
2016 Nov 09 0.08 0.06
2017 Jan 18 0.05 0.06
XKa (9.8 to 33 GHz) 2016 Jul 29 0.04 0.12
2016 Oct 12,17a 0.05 0.11
2016 Nov 09 0.14 0.11
2017 Jan 18 0.05 0.12
Table 5.2: Radio spectral indices. Spectral index is defined such
that  ∝ aU between the two given bands; approximate central fre-
quencies of the bands are listed for convenience. fU is the uncer-
tainty in the spectral index U propagated from the total uncertainty
fC>C in flux from Table 5.1.
a Epoch 2016 Oct 12,17 denotes U for SKa and XKa wherein the
Ka band observation preceded the S and X band observations by 5
days.
We checked for polarized emission for the 2016 July 29 and October 17 observations using S
and X band data, and found none. MWC 560 was not detected in Stokes Q and U, in which the
noise was only slightly higher than in Stokes I.
5.3.3 Strengthened soft X-ray flux
Our Chandra spectrum on 2016 March 8–9 showed the emergence of a soft X-ray component
about 10 times stronger than during the 2007 and 2013 X-ray epochs. The hard X-ray component
remained as weak as it was in 2013. The source aperture contained 254 total source counts summed
over the pair of exposures, amounting to 5.15 ± 0.3(1f) × 10−3 source counts s−1. Our data and
best fit model are plotted in Fig. 5.3, and the best fit parameters are listed in Table 5.3.
The soft component was weak in 2007 and 2013 and strong in 2016, while the hard component
was strong in 2007 and weak in 2013 and 2016. This result is obvious from Fig. 5.4, which plots
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Figure 5.3: The background-subtracted X-ray spectrum obtained with Chandra on 2016 March 8–9, displayed with
grouping to bins of at least 10 counts and fit with the 2-component soft+hard fit described in the text and Table 5.3.
The fit itself was performed on the spectrum grouped to bins of at least 20 counts. The vertical axis is logarithmic for
the spectrum and linear for the residuals.
Component Parameter Best fit -2f +2f
soft kT (keV) 0.77 -0.66 +0.22
norm 2.0E-05 -1.2E-05 +0.036
nH (1022 cm−2) 0.46 -0.33 +0.64
hard kT (keV) 11.26 frozen
norm 8.9E-05 -6.7E-05 +1.39E-4
nH (1022 cm−2) 13.48 -12.74 +19.39
Table 5.3: X-ray model for Chandra 2016 March 8-9 epoch. Both components with temperature kT and normal-
ization norm were modelled using the CIAO Sherpa clones of the XSPEC apec diffuse collisionally-ionized plasma
model with solar abundance (angr) and redshift 0, each absorbed by their own wabs model with hydrogen column nH.
363
Energy (keV)


















Figure 5.4: X-rays in 2007 (dotted line), 2013 (data points), and 2016 (solid line). Only the soft component
was bright in 2016, only the hard component was bright in 2007, and neither component was bright in 2013. We
demonstrate this point using the Stute & Sahai (2009) model obtained for their 2007 September 27 XMM spectra,
the 2013 April 12 XMM PN X-ray spectrum with background subtracted, and the 2016 March 8-9 model shown in
Table 5.3 and Fig. 5.3.
the 2007 September 27 best fit model reported by Stute & Sahai (2009), our background-subtracted
reduction of the 2013 April 12 XMM PN data, and our 2016 best fit model.
Following the MWC 560 models used by Stute & Sahai (2009) and the general symbiotic star
models used by Luna et al. (2013), we obtained our 2016 model by fitting both the hard and soft
components with separately-absorbed (photoelectric absorption with Wisconsin cross-sections),
collisionally-ionized, optically-thin diffuse plasma emission spectra. These models were inspired
by Patterson & Raymond (1985) for emission of a hard component by the extended halo of a WD
accretion disc’s boundary layer (BL), and Muerset, Wolff, & Jordan (1997) for emission of a soft
(V-type) component by colliding winds; the soft component is almost certainly not supersoft. In
CIAO’s Sherpa, we grouped counts from our co-added Chandra spectra into bins of 20 source-
region counts, and fit the spectrum over the range for which the Chandra energy scale is calibrated
(0.277–9.886 keV) with a (WABSSOFT×APECSOFT)+(WABSHARD×APECHARD) model. The small flux
of the hard component in our spectrum required us to fix its temperature to the 11.26 keV best fit
obtained during its brightest state, the 2007 epoch (Stute & Sahai 2009).
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The soft component, which has a temperature somewhere between 0.1 and 1 keV and remained
roughly constant between 2007 and 2013, had an observed, absorbed flux at least 7 times brighter
in 2016 (best fit 13 times) than in the prior epochs. This strengthening of the soft X-ray flux is
plotted in Fig. 5.1. The 2016 observed flux from the soft component model was 1.7+0.3−0.2 × 10
−14
erg s−1 cm−2, which also acts as a lower limit on the intrinsic, unabsorbed flux. The upper limit
on the unabsorbed flux is poorly constrained8 at . 3 × 10−11 erg s−1 cm−2. These correspond to
luminosities of 1.3+0.2−0.2 × 10
31 erg s−1 (d/2.5kpc2) and . 2× 1034 erg s−1 (d/2.5kpc2), respectively.
The hard component, which by 2013 had dimmed to 0.3+0.2−0.3 times its 2007 observed flux (i.e.,
dimmed to ≤1×10−13 erg s−1 cm−2), remained dim in 2016. No statistically significant change
occurred in this component between 2013 and 2016.
In Appendix D, we demonstrate that there is no evidence for X-ray variability during the 2016
outflow fast state; however, the source was not bright enough for strong constraints. In Appendix E,
we report the details of our fitting routines and the calculation of inter-epoch variability constraints.
In Appendix F, we demonstrate that optical loading definitely does not affect our Chandra obser-
vations or our main conclusions, and probably does not affect our Swift XRT observations.
5.3.4 Persistent ultraviolet absorption
Our NUV spectra, which span 2016 March 29 to 2016 June 1, show that the “iron curtain”
of overlapping absorption troughs from Fe II and similar ions (Michalitsianos et al. 1991; Lucy,
Knigge, & Sokoloski 2018) remained optically thick throughout the 2016 outflow fast state. These
overlapping broad lines absorb on the continuum and leave behind a pseudo-continuum that looks
like, but is not, an emission spectrum.
Fig. 5.5 shows that our 14 usable Swift UV grism spectra keep a roughly constant shape,
with the differences between them best explained as a simple scaling factor applied uniformly to
8This is because the normalization of the soft component flux is degenerate with the absorbing hydrogen column.
Absorption mainly affects the peak and low-energy flank of the observed soft component flux, so at high temperatures
in the allowed parameter space, the high-energy flank places an upper limit to the normalization. At lower tempera-
tures, however, where the model’s high-energy flank is weak relative to the rest of the profile, flux normalization and
absorbing column can be freely increased together without much affecting the modelled spectrum.
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1990 Apr 29 spectrum
Figure 5.5: The Swift UV spectra (obtained between 2016 March and June; all solid lines) demonstrate substantial
variability in normalization but not in shape, and signify a persistent iron curtain absorbing on a varying continuum
throughout the 2016 observations. In particular, the varying flux near 2650Å and at the Mg II_2800Å emission line
suggest that the varying normalization cannot be attributed to varying opacity. The 1990 April 29 spectrum (dashed
black line) is included for comparison, and approximates the underlying continuum at the NUV flux maxima of 2016
March 2 (dark blue line) and 2016 April 4 (dark red line). Omitted from this plot are all regions in individual spectra
where image inspection suggested zeroth-order contamination, as well as the three spectra noted in Table 5.5 as having
nearby bright first order flux or suffering from underestimated flux due to loss of lock. All spectra were de-reddened
by E(B-V)=0.15 (Schmid et al. 2001, and our Appendix A).
the whole NUV spectrum; the variability is in the underlying continuum, not in the absorption.
Comparing to MWC 560’s spectral morphologies from prior epochs reported in Bond et al. (1984)
and Michalitsianos et al. (1991) and also categorized in Lucy, Knigge, & Sokoloski (2018), the
2016 spectra are a reasonable match to the 1990 March 14 spectral morphology, and an even better
match to the 1991 September 29 spectral morphology due to additional absorption between 2400-
2550Å, which we ascribe to Fe+ lines with an upper level of 2.7 eV.
We further infer that the underlying continuum being absorbed upon at the NUV flux maxima
in 2016, March 2 and April 4, is very similar to the spectrum observed by Michalitsianos et al.
(1991) on 1990 April 29, which is largely unabsorbed (excepting Mg II). We retrieved this spec-
trum (International Ultraviolet Observer LWP17832, R≈200-350 comparable to Swift) from the
Mikulski Archive for Space Telescopes (MAST), and include it for reference in Fig. 5.5.
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5.3.5 Persistent optical+NUV flickering
The rapid flickering in the optical and NUV that almost always characterizes the MWC 560
system (e.g., Bond et al. 1984; Tomov et al. 1996; Zamanov et al. 2011b; Zamanov et al. 2011a)
persisted throughout the 2016 outflow fast state. Densely-sampled AAVSO V-band observations
covered February through April, our Swift UVM2 observations covered late-February into June,
and strong variability on short time-scales was reliably observed throughout.
V-band magnitudes typically varied by at least 0.1 mag per 15–30 minutes, and the light curves
strongly resembled past periods of strong flickering (comparable, e.g., to the bottom panels of
Figure 1 in Zamanov et al. 2011b). For example, our Fig. 5.6 reproduces a characteristic light
curve from the AAVSO (Kafka 2017) on 2016 March 1–2, continuous over 11 hours thanks to
volunteers observing at widely separated geographic locations. To verify this result, we confirmed
that there was no systematic relationship between flux and airmass in these data.













Figure 5.6: Johnson V band photometry starting at 2016 March 1 at 19:55 UT (MJD 57448.83) replicating data from
the AAVSO (Kafka 2017) and showing a typical example of the optical flickering that remained persistent throughout
the 2016 outflow fast state. Data are colour-coded by observer: Teofilo Arranz (black circles), Gary Walker (blue-
green squares), and Geoffrey Stone (purple stars). Statistical uncertainties submitted by the observer are on the scale
of the data points except where error margins are plotted.
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Figure 5.7: Example light curves from our Swift UVOT observations. These changes in NUV flux, up to 40% on
a time-scale of minutes, are consistent with flickering from the accretion disc. Swift UVM2 AB magnitude is plotted
against minutes since 2016 June 1 at about 18:23 UTC (MJD= 57540.7661081, top panel, with a break in the time
axis during which observations were interrupted) and 2016 March 5 at about 5:39 UTC (MJD= 57452.235247, bottom
panel).
The expected NUV counterpart to MWC 560’s optical flickering is observationally confirmed
here for the first time; the most robust examples are shown in Fig. 5.7. Swift UVM2 (_24==2246Å,
FWHM=513Å) magnitude varied by up to 0.4 magnitudes peak-to-peak over time-scales as short
as 10 minutes, consistent with flickering. Longer time-scale NUV flux variability is discussed and
plotted in Appendix C.
It is virtually certain that the rapid UV variability in Fig. 5.7, and most of the remaining UV
variability included in Appendix C, is real and not a systematic error. The reference star, TYC
5396-570-1 (AB UVM2 ≈15.8 magnitudes), was much less variable than MWC 560 on all time-
scales; less than 2% of its light curve deviated by more than 3f (0.15 magnitudes) from the ref-
erence star’s median magnitude. In particular, the MWC 560 light curves in Fig. 5.7 were accom-
panied by stability in the reference star, with less than 20% of the data deviating from the local
median by more than 1f, and no noticeable evidence of trends in the direction of the MWC 560
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Density of absorption-line region: &106.5 cm−3
Column density of outflow: &1023 cm−2
Maximum outflow velocity: 2500–3000 km s−1
Strong-shock velocity for soft X-rays: 300–900 km s−1
Radio emission mechanism: optically-thin thermal
Density of radio-emitting region: .105.5 (2.5 kpc/d)1/2 cm−3
Outflow radius for radio emissions: &60 (d/2.5 kpc) au
Mass-outflow rate for radio emissions:* &10−6 (d/2.5 kpc)5/2 M yr−1
Inner accretion disc: intact with persistent optical/UV flickering
Accretion-disc bolometric luminosity peak: 1800 (d/2.5 kpc)2 L
Accretion rate peak:† 6×10−7 (d/2.5 kpc)2 (R / 0.01 R) (0.9 M/ M) M yr−1
Table 5.4: Physical properties of the outflow fast state (Jan-Jul 2016).
* For simplified uniform-density model, assuming no clumping: consistency check only.
† If half of the accretion luminosity is emitted by the boundary layer in the extreme UV and not re-emitted, as
assumed for MWC 560 by Schmid et al. (2001), we would obtain twice the accretion rate, about 1 × 10−6 M yr−1.
variability. Furthermore, the UVOT instrument is known to be very stable, and has been shown by
the Swift team to vary by less than 0.1 magnitudes in the brightness measured for a WD calibration
source placed at one location on the detector over the course of weeks.
5.4 Discussion
At the peak of a year-long rise in accretion rate through the visual-emitting disc, the dense
accretion disc outflow abruptly jumped in power in January 2016. The dense outflow remained fast
and stable for several months (§ 5.4.1.1), steadily feeding a lower-density region of radio-emitting
gas (§ 5.4.1.2), and shocks at the collision of high-velocity and low-velocity components of the
dense outflow began radiating a large soft X-ray flux (§ 5.4.1.3). The inner accretion disc remained
intact throughout (§ 5.4.2). Properties of the system during this outflow fast state, calculated
throughout these sections, are listed in Table 5.4. The stability of the outflow and the disc in 2016
stands in marked contrast to the instability and disruption of both outflow and disc in 1990, even
though the 2016 and 1990 brightening events reached a similar peak accretion rate. We ascribe
2016’s stability to the regulatory and stabilizing effect of the outflow on the accretion disc during
both a short high-velocity burst in early-2015 and during the 2016 outflow fast state (§ 5.4.3).
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5.4.1 The abrupt onset of a stable fast state
5.4.1.1 The dense, stable, fast absorption-line outflow
The best explanation for the jump in Balmer absorption maximum velocities between 2015
December 31 and 2016 January 21 (§ 5.3.1) is the sudden appearance of high-velocity material in
MWC 560’s dense outflow. The appearance of high-velocity Balmer absorption occurred abruptly
only towards the peak of a year-long, smooth rise in optical flux, without any evidence of a com-
mensurately abrupt change in photoionizing flux, so it is unlikely to have been due to a photoion-
ization effect. The new fast flow remained until at least mid-April, sometime after which it began
very gradually slowing down throughout the year.
After the abrupt velocity jump, the outflow was remarkably stable and predictable throughout
its 2016 fast state. High-velocity Balmer absorption, which was always present during the fast
state, varied slightly on week time-scales in time with the varying optical and NUV flux; this
correlation between optical depth and broadband flux was likely attributable to a photoionization
effect (Appendix C).
As usual in MWC 560, the absorption-line outflow was dense. The saturation to black of large
portions of the HW absorption trough (§ 5.3.1; g ' 1.6) required at minimum a density n & 106.5
cm−3 and a column density N & 1023 cm−2, for any ionization parameter and assuming turbulent
velocities & 100 km s−1 (Hamann et al. 2019; Williams et al. 2017). The persistence of the
NUV iron curtain (§ 5.3.4) is also consistent with continually high densities, although it is not as
restrictive: n & 105 cm−3 for excited states up to 1.1 eV above the ground state (Lucy et al. 2014),
which we certainly observe in MWC 560. We also tentatively identified Fe II transitions from
2.7 eV above the ground state; by comparison, only some quasars with broad Balmer absorption
also feature these extremely high-excitation lines, so they may impose stricter lower limits on the
density in photoionization modelling (Aoki 2010).
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5.4.1.2 Steadily feeding a lower-density radio emission region
The radio data provide further evidence that January 2016 marked a jump in outflow power
and the onset of a stable fast state. In this section, we argue that the radio emissions originated as
optically-thin thermal emission in a region of low-density (. 105.5 cm−3) gas being steadily fed by
the fast, denser absorption-line outflow.
The flat-spectrum radio flux density doubled in the 4 months between 2016 April 4 and July
29, growing even as the optical/NUV flux varied up and down. The slope of this radio rise is
consistent with linear growth starting at its quiescent-state value in January 2016 (inferred to be
37 `Jy per the 2014 observation), roughly corresponding to the onset of fast optical absorption.
Further supporting a fast-outflow origin for the radio emissions, the HV absorption profile for 2014
October 30, obtained less than a month after the quiescent-state radio flux was measured to be
weak, lacks the high-velocity absorption component that appeared in January 2016.
We favour thermal emission as the radio source, in a growing region steadily fed by the stable
absorption-line outflow. The radio spectral index U is in the range -0.17 to 0.25 (which includes
measurement uncertainties at the edges) and categorically rules out the U > 0.6 often observed
from many symbiotic star nebulae due to optically-thick thermal bremsstrahlung emission with
a radially-dependent photosphere from an asymmetrically-ionized wind (Seaquist, Krogulec, &
Taylor 1993; Seaquist & Taylor 1990; Seaquist, Taylor, & Button 1984; Reynolds 1986; Wright &
Barlow 1975; Panagia & Felli 1975), as well as the U ≈ −0.7 of optically thin synchrotron emis-
sion. Indeed, while symbiotics—especially S-type symbiotics like MWC 560—seem to generally
have U>0.6 in quiescence (Seaquist, Krogulec, & Taylor 1993; Seaquist & Taylor 1990), flatter
indices tend to emerge from jets (e.g., Weston 2016). An outflow origin is therefore more plausible
than any alternative source for the radio emission.
Furthermore, an optically thick / self-absorbed synchrotron emission mechanism, such as is
favoured by Coppejans et al. (2016), Russell et al. (2016), and Körding et al. (2008) for their dwarf
nova radio outbursts, is not consistent with the brightness temperatures for our data unless the
emitting source is extremely small. In particular, the brightness temperature at 10 GHz (where
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there is no doubt the spectrum is flat) ranges from 0.6–1.3×107 (1 au/s)2 (d/2.5kpc)2 K where s is
the average of the outflow’s major and minor axes, and d is the distance to the system. The kinetic
temperature of synchrotron-emitting electrons at this frequency is 1.0×1013 (B / 10−4 Gauss)−1/2 K
where B is the magnetic field strength (e.g., Condon & Ransom 2016). The brightness temperature
must be on the order of the kinetic temperature of the emitting electrons for synchrotron self-
absorption to be significant and the spectrum to flatten (e.g., Williams 1963). Given the speed of
the outflow (travelling roughly 1 au away from the disc per day), it would be difficult to contrive
a situation where the emitting region is compact or collimated sufficiently to fulfil this condition.
Fulfilling the condition becomes even more difficult (by a factor of about 20) if the spectrum really
is flat out to 33 GHz, as it appears to be.
Given our conclusion that the emission is thermal, the flat spectrum suggests an almost fully
optically thin emitting region, which places an upper limit on the density and a very rough lower
limit on the mass outflow rate. For such a gas, the Rayleigh-Jeans Planck approximation yields
a ≈ ()4/1200 ) (a/I)2(\B/0A2B42)2g (5.1)
where a is flux density in mJy, \B is the angular size of the emitting gas in the plane of the
sky, the electron temperature )4 is set to the gas temperature, and the optical depth is
g ≈ 3.28 × 10−7()4/104 )−1.35(a/I)−2.1(=24B/2<−6?2) (5.2)
where s is the size of the emitting gas along the line of sight, for the simple case of uniform gas
density equal to the electron density =4. For g . 0.1, )4 . 104 K, a = 175 `Jy, and a = 10 GHz,
we obtain an emitting region size scale in the plane of the sky of & 6 × 10−4 (d/2.5 kpc) pc (i.e.,
& 120 au; as a consistency check, this scale could be reached by a bipolar outflow in & 50 days at
2000 km s−1). Assuming that the size scale in the plane of the sky is comparable to the size scale
along the line of sight, we obtain a density . 105.5 (2.5 kpc/d)1/2 cm−3. As a check on plausible
mass outflow rates, we can divide the radio emitting region’s mass by the time-scale over which
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it was formed. If it took about 200 days for the radio emission to reach 175`Jy (about the time
between the emergence of high-velocity optical absorption and the 2016 July 29 radio observation),
then a region with this volume and density could be filled by a mass outflow rate & 10−6 (d/2.5
kpc)5/2 M yr−1, modulo the simplifying assumptions made for this toy model. However, if there
is clumping in the outflow, the mass outflow rate could be lower.
5.4.1.3 Soft X-rays: shocks at the collision of fast and slow absorbers
Fig. 5.8 suggests that strengthened soft X-rays during the 2016 outflow fast state may have
originated in a shock at the collision of the new high-velocity absorbers and the pre-existing low-
velocity absorbers. The optical spectrum most coeval to the 2007 X-ray epoch exhibited only high-
velocity Balmer absorption, lacking absorption below ∼1000 km s−1. Spectra obtained during the
2012-2014 quiescent-outflow periods, including one low-resolution spectrum obtained within 2.5
months of the 2013 X-ray epoch (an excellent match to the echelle spectrum used in Fig. 5.8, when
the latter is smoothed to lower resolution), exhibited only lower-velocity absorption. Soft X-rays
were weak in both 2007 and 2013. It was only in the 2016 outflow fast state, when high-velocity
and low-velocity absorbers coexisted, that the soft X-ray component brightened by about an order
of magnitude or more.
Our fit to the soft X-ray component observed on 2016 March 8-9 constrained the diffuse,
collisionally-ionized gas component temperature to between 0.1 and 1.0 keV. This corresponds
to a strong-shock velocity of 300 to 900 km s−1, consistent with the differential velocities between
the high-velocity and low-velocity absorbers. The soft X-rays emission measure, n2V∼ 1054 (d/2.5
kpc)2 cm−3, is easy to achieve; assuming a density 107 cm−3 and a spherical toy model, this corre-
sponds to an emission-region radius ∼ 10−6 pc (i.e., ∼ 0.1 au), which can be traversed by a 2000
km s−1 outflow in mere hours. In contrast, the soft X-ray component is likely too hard to be super-
soft emission from nuclear burning, and too soft to be boundary-layer emission. We can certainly
rule out softening of a previously observed hard X-ray component; in the 2013 epoch there was
no comparably bright hard component, and even at the hard component’s maximum in 2007 it was
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Figure 5.8: High-resolution HV velocity spectra characterize the state of the optical absorption during the three X-ray
epochs. A strong soft X-ray flux is observed only when both the low-velocity and high-velocity outflow components
are simultaneously present, suggesting that the soft X-ray V emission may be emitted by a shock at the collision
between fast and slow absorbers. The optical spectra were obtained on 2007 October 30 (thick green line; a month
after the 2007 Sep 27 X-ray epoch), 2012 Feb 8 (thin purple line; the closest high-resolution match, when smoothed,
to a low-resolution 2013 Jan 26 spectrum obtained 3 months before the 2013 Apr 12 X-ray epoch), and 2016 Mar 8
(dashed black line; the first day of our 2016 X-ray epoch).
dimmer than the 2016 soft component.
5.4.2 Intact inner disc
The inner accretion disc of MWC 560 remained intact throughout 2016, and the increase in
luminosity was powered by accretion alone without nuclear burning. Variability in optical/NUV
photometry corresponds to variability in the accretion rate through the optical/NUV-emitting parts
of the disc.
Persistent optical flickering was observed throughout the 2016 outflow fast state (§ 5.3.5) and
in every preceding monitoring project except in 1990 (e.g., Bond et al. 1984; Tomov et al. 1996;
Zamanov et al. 2011a; Zamanov, Gomboc, & Latev 2011; Zamanov et al. 2011b). Rapid flickering
most likely comes from instabilities in an inner accretion disc near the boundary layer, where the
instability time-scales are short. While disc-less models are presumably conceivable, to our knowl-
edge there is no evidence for disc-less flickering from accreting WDs (see review in Sokoloski,
Bildsten, & Ho 2001). Hot spots can produce some flickering where the accretion stream hits a
disc, but high frequency and large amplitude flickering from accreting WDs is generally caused
by the inner disc or BL (see the introduction to Bruch 2015, for a review). We also confirmed the
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expected NUV flickering in MWC 560 for the first time; the NUV spectral morphology remained
constant, so the variability we observed must have originated in a variable NUV continuum. Luna
et al. (2013) have shown that flickering is suppressed by a flood of invariant light if there is nu-
clear burning on the WD surface, so MWC 560 must be accreting-only. Indeed, the short-term and
long-term stability of the absorption NUV and optical absorption spectra (§ 5.3.1,§ 5.3.4,§ 5.4.1.1)
further disfavors a thermonuclear nova interpretation.
We estimate a 2016 peak (V≈8.8) accretion disc bolometric luminosity of about 1800 (d/2.5
kpc)2 L, and a quiescent (V∼10.5) accretion disc bolometric luminosity of about 300 (3/2.5: ?2)2
L. These correspond to maximum and quiescent accretion rates of 6 ×10−7 and 1 × 10−7 (d/2.5
kpc)2 (R / 0.01 R) (0.9 M/ M) M yr−1, respectively (assuming ¤"=LR/GM). The reddening,
E(B-V)=0.15 ± 0.05 (Schmid et al. 2001, and our Appendix A), introduces a ±25% uncertainty
in the accretion rates and luminosities, in addition to any uncertainty in the distance or in disen-
tangling the RG flux from the accretion disc. In Appendix A, we review and update the Meier
et al. (1996) and Schmid et al. (2001) case for a distance to MWC 560 of 2.5 kpc, including new
supporting evidence. In Appendix G, we report our method for calculating the accretion rates and
luminosities.
The estimated 2012–2014 quiescent accretion rate is very high for a symbiotic star with flick-
ering (i.e., without WD surface burning). Comparison to some theoretical expectations for WD
surface burning as a function of WD mass and accretion rate, as in figure 1 of Wolf et al. (2013),
yields interesting results. For WD masses less than 0.9 M, MWC 560’s quiescent accretion rate
would be expected to lead to stable burning, inconsistent with observations—but the large hard
X-ray component temperature observed in MWC 560 by Stute & Sahai (2009) does imply a high
white dwarf mass, so this is not a problem. At 0.9 M, stable burning is narrowly avoided, but a
recurrent nova is expected every century or so; in other words, MWC 560 may be due for an im-
minent nova. For WD masses higher than 0.9 M, the nova recurrence time quickly becomes too
short, inconsistent MWC 560’s 9-decade-long optical light curve (Leibowitz & Formiggini 2015).
If the WD mass is higher than 0.9 M (as perhaps suggested by the comparable boundary layer
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cooling flow temperatures between MWC 560 and RT Cru / T CrB; Stute & Sahai 2009), or a nova
does not occur sometime soon, that may support competing theoretical pictures (e.g., Starrfield
et al. 2012a; Starrfield et al. 2012b) or suggest an important role for outflows in preventing novae.
However, some caution is warranted due to the uncertainties introduced by flux modelling, redden-
ing, and especially distance. A more careful assessment of MWC 560’s possibly liminal location
in WD mass / accretion rate parameter space may be possible after future GAIA data releases with
binary solutions and smaller uncertainties.
5.4.3 Self-regulation of the disc by its outflow
Differences between brightening events in 1990 and 2016 suggest that the 1-month outflow
burst in January–February 2015 and the sustained outflow fast state in January–July 2016 (Fig. 5.1)
may have helped stabilize the accretion system and helped keep the inner disc intact during an
increase in accretion rate through the disc. Dramatic disruptions in the outflow and the disc in
1990 did not repeat in 2016, even though both events reached similar peak accretion rates.
5.4.3.1 Historical overview
In the 9 decades of observations preceding 2016 (Luthardt 1991; Leibowitz & Formiggini 2015;
Munari et al. 2016), two other optical brightening events came close to the maximum optical lumi-
nosity of 2016. The 2010-2011 event reached at least V≈9.6, and was accompanied by absorption
velocities as high as -4200 km s−1 (Goranskij et al. 2011). The 1989–1990 event reached at least
V≈9.2, and was accompanied by rapidly variable broad absorption lines with velocities as fast as
-6000 km s−1 (Tomov et al. 1990a; Tomov et al. 1992). 1989–1990 may have included a step-
function-like shift in the light curve, separate from the postulated orbital and RG periodicities
that may explain the timing of the three events (Leibowitz & Formiggini 2015). At least, 1990 is
consistent with a secular brightening over the last century (Munari et al. 2016); the three optically-
brightest events have all occurred during or after 1990, and the average optical brightness after
1990 has been about triple the average optical brightness before 1990 (Leibowitz & Formiggini
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2015).
5.4.3.2 1990 vs. 2016
In one respect, 1990 and 2016 were similar: using the same distance and reddening, and a
similar flux model, Schmid et al. (2001) obtained about the same peak accretion rate and luminosity
for the 1990 event as we did for 2016 (§ 5.4.2). But otherwise, the 1990 and 2016 events differed
starkly.
(1) In 1990, the Balmer absorbers were rapidly variable, appearing and vanishing in matters
of days, detached from their associated emission lines, and ejected at velocities up to -6000 km
s−1 (Tomov et al. 1990a; Tomov et al. 1992); then, later in 1990, the outflow slowed to a very
unusually small . 900 km s−1 until about a year after the outburst (Zamanov et al. 2011b). In
2016, the outflow was much more stable (§ 5.3.1: Balmer lines varied only slightly (slowly and
predictably in time with the optical/NUV flux, likely a photoionization effect; Appendix C), never
vanished, stayed contiguous with their emission, and never went faster than ≈ 3000km s−1; then,
later in 2016, the Balmer lines slowed, but never fell below ≈ 1500km s−1.
(2) Over the course of the 1990 outburst, the veil of Fe II absorption in the UV lifted, clear-
ing entirely by the end of April 1990 (Lucy, Knigge, & Sokoloski 2018; Maran et al. 1991); as
discussed in Lucy, Knigge, & Sokoloski (2018), this likely represented a temporary switch from
persistent outflow to discrete mass ejection, resembling in the latter state the P Cygni phase of
some novae. In 2016, this iron curtain remained optically thick throughout and the spectral mor-
phology did not vary significantly (§ 5.3.4), consistent with the stable and persistent outflow that
we saw in the optical.
(3) Fast optical flickering was partially suppressed during the 1990 outburst, and thoroughly
suppressed by the next observing season later in that year (Zamanov et al. 2011b). U band fast
photometry collected during the 1990 outburst peak and discussed in Zamanov et al. (2011b) show
comparatively smooth light curves. In 6 hours of U band photometry by T. Tomov over 4 days
during the 1990 high state, provided to us by R. Zamanov (2017, private communication), there
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were slow 0.1 mag oscillations on hour time-scales, and on shorter time-scales one incident of
0.2 mag flickering and a few incidents of 0.1 flickering. Afterwards, at the same time as the
Balmer velocities were unusually slow, essentially no flickering at all was observed on time-scales
of minutes (Zamanov et al. 2011b). In contrast, flickering persisted throughout 2016 (§ 5.3.5);
there was no evidence at all for suppression (though poor sampling after mid-2016 warrants a little
caution).
In brief, it appears that in 1990, MWC 560 underwent a dramatic disruption of the flicker-
producing inner disc (Zamanov et al. 2011b), perhaps as a result of ejections of mass evacuating
the inner disc, and that this disruption interrupted the launching mechanism for the high-velocity
outflow until the inner disc was rebuilt a year later. While no dramatic colour changes were ob-
served in 1990, reprocessing of the accretion disc light by an optically thick, low velocity wind,
like that proposed for MWC 560 by Panferov, Fabrika, & Tomov (1997), could make any changes
in accretion disc size and temperature profile difficult to observe in the UV and optical. Disc evac-
uation has also been proposed to have occurred in the symbiotic star CH Cyg, which is believed
to have once been evacuated by a jet, causing its flickering to temporarily cease (Sokoloski &
Kenyon 2003a; Sokoloski & Kenyon 2003b). Such incidents also have precedent in X-ray bina-
ries, as recently demonstrated by V404 Cyg (Muñoz-Darias et al. 2016). Neilsen, Remillard, &
Lee (2011) also suggested that accretion discs in X-ray binary systems like GRS 1915+105 may
suppress themselves by carrying away the mass of the inner-disc that launches them.
In 2016, none of that happened. The outflow power increased abruptly as the system reached
its peak accretion rate through the visual-emitting disc, but the new outflow was stable, the inner
disc was intact, and neither the outflow nor the inner disc were destroyed by the event. Fig. 5.9
shows a schematic diagram of MWC 560 before, during, and after the 1990 and 2016 accretion
rate peaks, illustrating the difference between these two events.
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 2012-2014
‣quiescence   Jan-Feb 2015
‣fast outflow burst
Feb-Dec 2015
 ‣rising Ṁacc      Jan-Jul 2016
‣fast stable outflow
Aug 2016 into 2017
   ‣stable outflow
      Jan-Apr 1990
‣discrete ejections
‣inner disk evacuating





1986-1987 1988 - early 1989 Late 1989
1990 event
2016 event
Before the Ṁacc peak Ṁacc peak Falling Ṁacc
Figure 5.9: We propose that the accretion disc outflow in MWC 560 regulates the disc, facilitating an evacuation of the inner disc in 1990 through catastrophic
discrete mass ejections, and inhibiting this process 26 years later through a steady fast outflow at the 2016 accretion rate peak and through an outflow burst just
before the accretion rate started to rise in 2015. The 1990 (top row) and 2016 (bottom row) events differed starkly. The density of the blue spirals on the discs
signifies the accretion rate through the disc; more spiral turns indicates a higher accretion rate. The length of the blue arrows and the spatial extent of the outflow
signify the maximum outflow velocity; the state of the outflow from 1986 through 1989 is unknown, so those phases are marked with question marks and red
placeholder outflows. The evacuation of the inner disc in 1990 is denoted with holes in the centre of the discs/spirals. The opening angles, scale, and morphology
of the outflow in these drawings are arbitrary; as discussed in Lucy, Knigge, & Sokoloski (2018), the geometry of the outflow is not well constrained.
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5.4.3.3 The outflow as a gatekeeper
Two interrelated processes may explain the stability of the disc and the outflow in 2016: the
timely evacuation in the outflow of mass from the accretion disc, and a long-term trend towards
higher average accretion rates over the course of the last century. We propose that the outflow
helped maintain equilibrium in the disc, slowing down changes in the disc in 2015, finally halting
changes in the disc in 2016, and thereby preventing the inner disc’s evacuation.
There was a month-long expulsion of high-velocity material in January–February 2015 (Fig. 5.1),
just before the optical flux began to slowly rise. Perhaps an early-2015 disc instability or an in-
crease in the RG mass transfer rate, which would not necessarily immediately be detectable in
the optical depending on where in the disc it manifested, was slowed and stabilized by a wind
burst carrying away excess mass and angular momentum. Although optical rises reliably predict
increased outflow velocity throughout the history of MWC 560 (Tomov et al. 1990a; Iijima 2001;
Goranskij et al. 2011) in a clear cause-and-effect relationship, such outflow velocity jumps have
previously occurred in optical flux quiescence too (Iijima 2001); the system clearly varies in ways
that we sometimes cannot detect, and the outflow could play a role in suppressing the propagation
of these changes through the disc.
The outflow might suppress any heating or cooling wave that reaches its launching radius in
the disc. After February 2015, the accretion rate through the visual-emitting disc continued to
rise (Fig. 5.1), but the outflow remained slow and static until January 2016, when it jumped in
power and subsequently persisted steadily for months as the optical light curve flattened (§ 5.4.1).
We speculate that the delay between the start of the optical rise and the initiation of a persistent
fast outflow could be due to feedback from the outflow burst and the multiple directions in which
heating and cooling waves can travel through an accretion disc. The propagation of heating and
cooling waves across the disc in a dwarf-nova-type outburst can involve mass being transported
along the angular momentum gradient of the disc in both directions (e.g., Lasota 2001; Schreiber,
Hameury, & Lasota 2003). It may be that the fast outflow launching radius was roughly the last
radius to experience the outburst responsible for the 2016 accretion rate peak. For example, an
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outside-in outburst might only affect a centrally-launched wind after the increased accretion rate
finally propagated to the centre of the disc, at which point a fast outflow could launch while the
disc stabilized. The 2016 optical rise occurred near the confluence of two long-term periodicities
in MWC 560’s light curve (Leibowitz & Formiggini 2015). A rise in the external accretion rate
(i.e., rate of mass flow into the disc) as periastron approached during a period of high RG mass
loss could induce multiple instabilities in the disc; those at the outflow launching radius would be
suppressed by an outflow burst (and by the difficulty of propagating to higher surface densities
and angular momenta; e.g., Schreiber, Hameury, & Lasota 2003), while others would have time
to propagate through the disc before restarting the outflow, themselves getting suppressed by the
2016 outflow fast state.
What physical differences between 2016 and 1990 allowed the formation of a stable fast out-
flow in 2016, instead of driving catastrophic discrete evacuations of the inner disc as in 1990? The
optical light curve in 2014–2016 was about the same as in 1988–1990, but the 2006–2013 period
was typically at least twice as bright as the 1980–1987 period (Munari et al. 2016; Doroshenko,
Goranskij, & Efimov 1993; Luthardt 1991), consistent with a secular brightening throughout the
last century (Munari et al. 2016) or with a step-function tripling of the average optical luminosity in
1989–1990 (Leibowitz & Formiggini 2015). So it may be that the structure of the disc (and there-
fore its outflow-driving mechanism) was acclimatized, on a time-scale of at least several years, to
a much higher accretion rate through the disc in 2016 than in 1990. The large discs of symbiotic
stars plausibly allow for viscous time-scales of at least several years to govern the nature of the
as-yet-undetermined outflow-driving mechanism. Alternatively, the difference between 2016 and
1990 could involve changes in the boundary layer that are not always traced by the optical flux;
the disappearance of hard X-rays between 2007 and 2013, and their continued absence in our 2016
observations, might indicate that the optical depth of the boundary layer had been increasing over
at least the last decade. Future observations could test whether an optically thick boundary layer is
necessary to initiate a stable outflow without evacuating the inner disc in discrete mass ejections.
Neilsen, Remillard, & Lee (2011) suggests that, in the X-ray binary microquasar GRS 1915+105,
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a high-mass (ṀF8=3 ≥ 15Ṁ022) wind may be “effectively acting as a gatekeeper or a valve for the
external accretion rate, and facilitating or inhibiting state transitions” (in that case, via Shields et al.
1986 oscillations). Our 2016 observations provide strong new evidence that the role of MWC 560’s
outflow is similar to the role of GRS 1915+105’s outflow, a comparison first made in broader terms
by Zamanov et al. (2011b). During the 2016 outflow fast state of MWC 560, the mass outflow rate
estimated from our radio observations (perhaps & 10−6 (d/2.5 kpc)5/2 M yr−1 if the outflow has
uniform density; § 5.4.1.2) may have been commensurate with the accretion rate through the disc
(6 × 10−7 (d/2.5 kpc)2 (R / 0.01 R) (0.9 M/ M) M yr−1; § 5.4.2, Appendix G), although neither
is sufficiently well constrained for this comparison to be more than a consistency check. The pos-
sible evacuation of the inner disc of MWC 560 during the 1990 outburst (Zamanov et al. 2011b),
accompanied by the phenomenology of discrete mass ejection in 1990 (Lucy, Knigge, & Sokoloski
2018), suggests that MWC 560’s outflow may indeed be capable of acting as a valve, facilitating
an accretion disc state transition in 1990 and inhibiting it in 2016.
5.5 Chapter Conclusions
If accretion disc outflows are common in symbiotic stars (e.g., Lucy, Knigge, & Sokoloski
2018; Sokoloski 2003; Muerset, Wolff, & Jordan 1997), then the effect of outflows on their accre-
tion discs could be fundamental to understanding their physics and evolution. The broad absorption
line symbiotic star MWC 560 = V694 Mon is an important laboratory for this complex relation-
ship. We conducted coordinated radio, optical, NUV, and X-ray spectroscopic and photometric
observations of MWC 560 during an optical flux maximum in 2016, and we detected an outflow
fast state from January 2016 into likely the end of July 2016. The variability in each band is plotted
in Fig. 5.1 for the years 2012 through 2016.
(1) The maximum velocity of a dense, Balmer line-absorbing outflow from MWC 560’s accretion
disc abruptly doubled over the course of at most 3 weeks in January 2016, near the 2016
February 7 accretion rate peak and at the completion of a year-long rise in the accretion rate
through the visual-emitting disc. The abrupt change in Balmer absorption velocity was almost
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certainly not due to photoionization effects, although a subsequent correlation on week time-
scales between high-velocity Balmer opacity and optical/NUV flux can probably be attributed
to photoionization. High velocities were stable and sustained through at least mid-April of the
same year, before beginning a slow decline; even through to the end of 2016, velocities in high-
resolution spectra never dropped below 1500 km s−1. The density of the Balmer-absorbing gas
was & 106.5 cm−3. (§ 5.3.1, § 5.4.1.1)
(2) Radio emissions confirm an increase in outflow power at the onset of higher Balmer absorption
velocities. Flat-spectrum radio emissions detected at 3.1, 9.8, and 33.1 GHz began to rise
linearly at a rate of about 20 `Jy/month, even as the optical/NUV flux varied up and down. The
slope of this radio rise suggests that it started at its 37 `Jy quiescent value (observed in 2014)
in January 2016, around the same time as the high-velocity Balmer absorption appeared. Radio
emissions reached a maximum of 175 ± 10 `Jy at 9.8 GHz on 2016 July 29 before beginning
a slower decline. The emission mechanism was thermal and optically-thin, originating in gas
with a density . 105.5 cm−3. We propose that this lower-density region was steadily fed by
the denser Balmer absorption-line fast outflow. (§ 5.3.2, § 5.4.1.2)
(3) Also during the 2016 outflow fast state, soft X-rays were observed to be brighter by an order
of magnitude relative to both prior X-ray epochs (2013 and 2007). The plasma temperature
of this component, constrained to between kT ≈ 0.1 and 1 keV, was consistent with strong-
shock velocities of 300-900 km s−1, in turn consistent with differential velocities in the optical
Balmer absorption lines. Meanwhile, the hard X-ray component in both 2016 and 2013 was
about a third as bright as it had been in 2007. (§ 5.3.3, § 5.4.1.3, Fig. 5.4)
(4) Balmer velocity profiles observed close to each of the three X-ray epochs suggest that soft
X-rays are weak when only high-velocity absorption is present (2007) and when only low-
velocity absorption is present (2013); only in 2016, when both high-velocity and low-velocity
Balmer absorption was observed, was the soft X-ray flux strong. We propose that the soft
X-ray component originates in a shock where these new fast absorbers and pre-existing slow
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absorbers in the absorption-line outflow collide. (§ 5.4.1.3, Fig. 5.8).
(5) The iron curtain of overlapping absorption in the NUV remained optically thick throughout
the 2016 outflow fast state, without substantial variability in its spectral morphology, further
supporting the presence of a stable and sustained outflow. (§ 5.3.4, § 5.4.1.1)
(6) Optical/NUV flickering shows that the inner accretion disc remained intact in 2016; the slow
optical brightening from 2015 into 2016, which led to the outflow power jump, was due to
an increase in the rate of accretion through the disc. Flickering by at least a typical 0.1 mag
per 15–30 minutes in V band, up to 0.4 magnitudes over 10 minutes in the NUV, persisted
throughout the 2016 outflow fast state—similar to that observed in quiescence and high states
from the end of 1991 through 2015. This flickering requires that MWC 560’s luminosity be
powered by accretion alone without WD surface burning. The high accretion rate, even in the
relative quiescence of 2012–2014, may suggest that a nova should be expected in MWC 560
within the next century. (§ 5.3.5, § 5.4.2)
(7) The peak accretion rate in 2016 was about the same as the peak accretion rate in the 1990
outburst of the same system. Despite this, the two events differed dramatically: In 1990,
rapidly variable mass ejections up to 6000 km s−1 appeared to evacuate the inner accretion
disc, leading to the cessation of flickering and the suppression of the outflow to velocities
below 900 km s−1 for up to a year, and the temporary disappearance of iron curtain absorption
in the UV. Throughout 2016, the outflow was stable and the inner disc remained intact; strong
and rapid flickering continued, Balmer velocities reached up to 3000 km s−1 and slightly varied
in time with the optical/NUV flux, and the iron curtain remained optically thick. (§ 5.4.3)
(8) We propose that the outflow sometimes inhibits structural changes in the accretion disc and
sometimes facilitates them. In 1989–1990, the outflow evacuated the inner disc in a phase
of discrete mass ejection. But in 2015–2016, a 1-month outflow velocity burst in January–
February 2015 and the longer, stable 2016 outflow fast state may have prevented a catastrophic
evacuation of the inner disc, by carrying away excess accreting mass and suppressing heating
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and cooling waves as they reached the outflow’s launching radius. The difference between
the disc/outflow relationship in 2016 versus 1990, which reached similar peak accretion rates,
might be due to a secular increase in the decade-averaged accretion rate throughout the last
century. The complex, self-regulatory relationship between a symbiotic star accretion disc and
its outflow resembles X-ray binary behaviour. (§ 5.4.3, Fig. 5.9)
5.6 Chapter Appendix
A Distance, the burning question
In this section, we review and update the case for a distance of about 2.5 kpc (Schmid et al.
2001; Meier et al. 1996), which yields high accretion rate estimates that may be in some tension
with some empirical and theoretical expectations for typical non-burning symbiotics, or suggest
that a thermonuclear nova is imminent (§ 5.4.2). Each individual argument relies on debatable as-
sumptions and the uncertainty is poorly constrained, but d≈2.5 kpc is supported by several largely-
independent lines of reasoning.
Geometric parallax: Adopting the Bailer-Jones et al. (2018) Bayesian analysis of GAIA DR2,
the parallax distance is 2.4+1.3−0.7 kpc. Here we assume that the parallax is not affected by binary
motion, and that the Bayesian prior employed works for red giants in general and symbiotic stars
in particular.
Reddening and dust maps: Three pieces of evidence point to an E(B-V) between 0.1 and 0.2:
fits of field giant templates to the optical spectrum, the 2200Å absorption bump (Schmid et al.
2001), and the strength of interstellar absorption lines. For our part, we performed a fit of 5
Gaussians to the Na ID complex (one Gaussian for each of 4 resolved absorption lines, and one
for what we suspect is remnant sky emission) in the publicly available pipeline reduction of the
FEROS 07881 1990 November 14 spectrum, following the method for resolved lines described
by Munari & Zwitter (1997). We obtained a total reddening of E(B-V)=0.1, which we regard as
a lower limit due to uncertainties in the continuum placement and underlying emission. Using
the Bayestar2017 3D map of Galactic extinction by Green et al. (2018) and incorporating their
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reported statistical uncertainties, E(B-V)≥0.1 corresponds to a distance ≥2.1 kpc. The Stilism 3D
dust map v. 4.1 is even more consistent with our conclusions, yielding E(B-V)=0.15 at 2.5 kpc
(Lallement et al. 2018; Capitanio et al. 2017). However, the residuals between all types of 3D
extinction maps and individual stars are often significant (e.g., see figure 9 in Green et al. 2015,
and severe angular smoothing in Lallement et al. 2018).
Optical flux: For E(B-V)=0.15, the best-fitting RG in the optical (Appendix G) has a V band
apparent magnitude of 11.8, corresponding to a 2.5 kpc distance. Here we assume that we have
correctly disentangled the giant’s optical flux from the accretion disc flux, and that the giant has
an absolute magnitude ME = -0.4 – -0.5 consistent with both bulge and field giants (Allen 1983;
Whitelock & Munari 1992).
Infrared flux: MWC 560 has an average J band magnitude of 6.5, and Meier et al. (1996) used
this to obtain a distance of 2.5 kpc. For a field giant with (V-J)0=5.4 (Koornneef 1983) and E(B-
V)=0.15, corresponding to A 9=0.87×E(B-V)=0.13 (Savage & Mathis 1979), we obtain a distance
of 2.9 kpc. Similar results are obtained in the K band. If we assume that the accretion disc and the
giant have the same reddening, the observed (V-J)0 of MWC 560 is more consistent with a field
giant than a bulge giant. Still, if we did instead assume a bulge giant with higher reddening than the
accretion disc, we would obtain a distance of about 1 kpc, illustrating the large model uncertainties
in flux-based distance estimation.
Interstellar absorption line velocities: Schmid et al. (2001) argued for a large distance based
on the radial velocities of apparently interstellar Na ID and Ca II absorption. In the LSR frame, the
resolved lines they observed actually correspond to -7, 0, +27, +35, and +52 km s−1. LSR radial
velocities in the Galactic disc are typically around +10 km s−1 above a flat rotation curve (V=220
km/s, d=8.5 kpc) at this longitude, yielding +23 and +39 km s−1 at 1 and 2.5 kpc, respectively
(Tchernyshyov & Peek 2017, and private communication). This indeed supports a large distance
&2.5 kpc, although the affects of turbulence in the ISM are poorly constrained (e.g., Heiles &
Troland 2003).
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B Optical and UV observation metadata
Start time (UT) Exposure time (s) Roll angle (346) Quality flags*
2016 Mar 02 07:47 785.2 251 ZOc:2300-2376,2590-2650
2016 Mar 05 12:09 892.5 254 ZOc:2790-2890,2880-3200
2016 Mar 09 12:00 307.8 251 ZOc:2300,2376,2590-2650
2016 Mar 12 08:39 463.3 254 ZOc:2790-2890,2880-3200”
2016 Mar 17 22:25 892.5 256 ZOc:2285-2385
2016 Mar 20 22:19 999.8 260 ZOc:2720-2820
2016 Mar 23 22:03 470.1 260 ZOc:2740-2810
2016 Mar 26 17:00 1008.6 264 ZOc:<1886
2016 Mar 29 10:25 946.6 268 ZOc:<1775,1905-2005,3230-3330; bright FO nearby
2016 Apr 01 15:00 892.5 264 ZOc:<1870,FOc:>3700
2016 Apr 04 14:49 892.5 268 ZOc:<1720,1930-2000,2180-2255,2300-2417,2547-2600,3240-3325
2016 Apr 20 09:03 892.5 281 ZOc:<1756,2400-2440w,2540-2600,2935-3110
2016 Apr 27 05:06 892.5 283 ZOc:1880-1947,2006-2090,2510-2640
2016 May 04 14:16 463.3 284 ZOc:2012-2070,2525-2622,3025-3127; bright FO nearby
2016 May 11 04:02 892.5 286 ZOc:1970-2010,2250-2300; fluxes underestimated: loss of lock
2016 May 18 17:54 892.5 297 ZOc:2620-2720
2016 Jun 01 23:17 845.9 307 ZOc:<1990
Table 5.5: Swift UV spectra. Observation metadata and quality flags for Swift UVOT UV Grism spectra.
* Manually determined quality flags include ZOc = zeroth order contamination at the indicated wavelengths (Å), FOc = first order contamination at the indicated
wavelengths (Å), FO = first order, and individualized whole-spectrum flags.
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Table 5.6: Optical spectra. ECH = Echelle spectrograph on the Asiago
0.61m or 1.82m telescopes (R=18000-20000). B&C = B&C spectro-
graph on Asiago 1.22m telescope (R=1300). LT = Liverpool Telescope
(R∼2500). UCS8 = home-built spectrograph in L’Aquila (R∼1300). PSO
= Shelyak LHires III spectrograph in Tata (resolution varies and is spec-
ified in table). For more details, see § 5.2.1.
Date Time (UT) Exposure (s) Telescope+Instrument
2007 Oct 30 03:01 4500 0.61m+ECH
2012 Jan 27 21:40 900 1.22m+B&C
2012 Feb 08 22:10 600 1.82m+ECH
2012 Mar 31 18:52 480 1.22m+B&C
2013 Jan 26 22:13 900 1.22m+B&C
2014 Feb 09 21:22 480 1.22m+B&C
2014 Mar 14 20:08 600 1.82m+ECH
2014 Oct 30 02:30 900 1.22+B&C
2015 Mar 08 20:24 900 1.82m+ECH
2015 Mar 10 19:23 600 1.22m+B&C
2015 Oct 02 02:56 3620 PSO (R∼450)
2015 Oct 04 02:41 4433 PSO (R∼14000)
2015 Dec 31 00:37 4959 PSO (R∼3300)
2016 Jan 21 21:23 300 1.22m+B&C
2016 Feb 05 17:49 4500 0.61m+ECH
2016 Feb 05 19:07 480 1.22m+B&C
2016 Feb 05 22:55 2800 USC8
2016 Feb 11 19:44 2800 USC8
2016 Feb 20 20:20 900 1.82m+ECH
2016 Feb 20 21:08 480 1.22m+B&C
2016 Feb 20 17:58 2800 USC8
2016 Feb 23 18:25 3600 0.61m+ECH
2016 Feb 25 18:32 3600 0.61m+ECH
2016 Mar 01 17:58 3600 0.61m+ECH
2016 Mar 02 19:52 3600 USC8
2016 Mar 03 18:54 4500 0.61m+ECH
2016 Mar 04 18:38 3200 USC8
2016 Mar 06 20:31 4500 0.61m+ECH
2016 Mar 06 18:10 3200 USC8
2016 Mar 07 18:15 3600 0.61m+ECH
2016 Mar 07 20:14 60 LT
2016 Mar 07 23:46 60 LT
2016 Mar 08 18:22 4500 0.61m+ECH
2016 Mar 08 20:25 3600 0.61m+ECH
2016 Mar 08 22:40 60 LT
2016 Mar 08 00:03 60 LT
2016 Mar 08 20:11 60 LT
2016 Mar 08 21:22 60 LT
2016 Mar 08 18:23 3600 USC8
2016 Mar 09 20:14 60 LT
2016 Mar 09 22:58 60 LT
2016 Mar 10 18:34 4500 0.61m+ECH
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2016 Mar 10 18:15 480 1.22m+B&C
2016 Mar 11 18:43 5400 USC8
2016 Mar 13 18:13 360 1.22m+B&C
2016 Mar 14 21:32 1800 0.61m+ECH
2016 Mar 17 19:01 5400 0.61m+ECH
2016 Mar 18 19:03 5400 0.61m+ECH
2016 Mar 18 18:40 5400 USC8
2016 Mar 19 19:08 900 1.82m+ECH
2016 Mar 19 18:58 360 1.22m+B&C
2016 Mar 19 18:53 4800 USC8
2016 Mar 21 18:58 5400 0.61m+ECH
2016 Mar 23 18:42 4500 0.61m+ECH
2016 Mar 24 18:34 3600 0.61m+ECH
2016 Apr 03 19:13 300 1.22m+B&C
2016 Apr 06 19:10 3600 0.61m+ECH
2016 Apr 10 18:53 3600 0.61m+ECH
2016 Apr 12 18:54 480 1.22m+B&C
2016 Apr 14 19:39 3600 0.61m+ECH
2016 Apr 19 19:09 3600 0.61m+ECH
2016 Apr 19 19:10 360 1.22m+B&C
2016 Apr 27 19:24 3600 0.61m+ECH
2016 May 06 19:27 300 1.22m+B&C
2016 Oct 05 03:07 4500 0.61m+ECH
2016 Oct 13 03:41 900 1.82m+ECH
2016 Oct 23 03:22 1200 PSO (R∼ 2500)
2016 Dec 04 01:15 600 PSO (R∼450)
2016 Dec 11 01:38 3600 PSO (R∼450)
2016 Dec 16 01:48 1200 1.82m+ECH
2017 Jan 08 20:43 600 PSO (R∼450)
2017 Jan 20 20:43 1800 PSO (R∼750)
2017 Jan 21 20:43 2400 PSO (R∼750)
2017 Jan 22 20:43 600 PSO (R∼750)
C Absorption correlated with flux: a photoionization effect?
During the 2016 outflow fast state, a clear correlation was observed between optical/NUV flux
and the equivelant width of high-velocity (|v|>1500 km s−1) Balmer absorption. This correlation
is demonstrated in Fig. 5.10. The NUV flux varied with the optical flux, sometimes with a larger
amplitude. The strength of high-velocity absorption tracked both the optical and NUV flux.
The correlation between high-velocity Balmer absorption strength and optical/NUV flux is
consistent with a photoionization effect. Balmer absorption from n=2 of neutral hydrogen occurs
in the partially-ionized zone, just outside the fully-ionized H II zone that surrounds the source of
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Figure 5.10: NUV and optical variability during the outflow fast state (2016 January 13 – April 26) and beyond.
The strength of the high velocity optical absorption tracks the optical and NUV flux, consistent with a photoionization
effect. The NUV flux varies with the optical flux, sometimes with a larger amplitude.
Top panel: V band photometry from the AAVSO (grey X points; Kafka 2017) and Munari et al. (2016) (purple star
points), a crude proxy for accretion rate variability through the visual-emitting disc. The AAVSO data are drawn in 1
day bins (taking the median in linear flux units), and the size of the cross is proportional to the number of contributing
observations ranging from 1 to hundreds; the Munari et al. (2016) data are not binned.
2nd panel: Equivalent width of the HU absorption trough from blue-shifts faster than -1500 km −1, from R=18000–
20000 Echelle spectra (black star points), and R=1300 spectra taken at Asiago and L’Aquilla (grey circle points) and
at Liverpool (blue-green circle points). In poorly sampled time periods, data from volunteers published in the ARAS
database are also included (grey X points). Spectra were smoothed to a common resolution before measuring the
equivalent width.
3rd panel: UVM2 Swift event mode photometry for MWC 560 (grey circle points), a crude proxy for accretion rate
through the NUV-emitting disc. The data are binned to 60 second intervals. Uncertainties from photon counting
statistics are on the scale of the data points, with a median of 0.02 magnitudes. Flickering and systematic errors
manifest as streaks; most of these streaks are real flickering, as exemplified in Fig. 5.7.
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flux is not high enough to ionize the entire gas slab, then increasing the ionizing flux expands the
partially-ionized zone and leads to more Balmer absorption (assuming that the column density is
high enough and that the high density requirements to excite to n=2 are met). If the ionizing flux
is further increased and the partially-ionized zone reaches the edge of the gas slab, the relationship
reverses, and increasing the ionizing flux begins to reduce Balmer absorption and fully-ionize
the whole slab. If the ionization parameter in the MWC 560 outflow is relatively low such that
the former case applies, then we would expect a correlation between ionizing flux and Balmer
absorption strength—which we observe. Assuming that the photoionizing flux was proportional
to the optical flux, the amplitude of the optical depth variability is consistent with that expected in
much of the parameter space modelled by Hamann et al. (2019) and Williams et al. (2017).
Alternatively, the correlation could be the result of real variability in the amount of high-
velocity mass. If true, this would suggest that the 2016 outflow fast state was a period during
which the accretion rate and the outflow power were correlated. But photoionization effects mean
we must be cautious in treating the Balmer absorption line as if it were precisely representative of
the outflowing mass itself in the absence of other evidence. Fortunately, as discussed in § 5.4.1.1
and partially thanks to radio and X-ray observations, this is not a significant problem for conclu-
sions reached in the main text of this paper.
In order to detect the correlation between high-velocity Balmer absorption and optical/NUV
flux, we smoothed the spectra to a common resolution of R=450. This was necessary due to
the wide variety of spectral resolutions employed, the ambiguities of continuum placement, and
the blending of emission features into the absorption line. The smoothing was performed using
the instrBroadGaussFast function in the Python AstroLib (pyasl in PyAstronomy), after first re-
binning with flux conserved to a uniform wavelength grid (using9 the spectrum and observation
modules in pysynphot) where necessary. The smoothing decreases the absolute value of all the
measured equivalent widths by an amount that depends only on the original resolution (i.e., by the
same amount for spectra with the same original resolution), up to a few angstroms.
9Code by J. Lu on AstroBetter.
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Figure 5.11: Echelle HU velocity spectra 2016 January through April. The bottom panel mimics the last panel of
Fig. 5.10 (including now only echelle spectra) and provides a colour-code for the grey and blue spectra in the top
panel. Spectra with HU high-velocity equivalent widths that fall in the bottom panel’s blue-shaded small-EW zone are
drawn as a shaded-in blue spread in the top panel, and likewise for high-EW zone spectra coded as grey. Two outlier
spectra in each zone are marked with enclosing circles in the bottom panel and drawn as blue or black lines in the top
panel. Spectra that do not fall into either zone in the bottom panel are not drawn in the top panel.
Finally, we present our high-resolution echelle velocity spectra during the 2016 outflow fast
state for the main unblended lines for which we have high-SNR coverage: HU (Fig. 5.11), and
HV and Fe II (Fig. 5.12). The Balmer lines show the same pattern of high-velocity absorption
variability seen at low resolution. Fe II exhibits a similar trend with more scatter.
D No detectable intra-epoch variability in X-rays
MWC 560 was marginally detected in Swift XRT with less than 3f significance, and we used
this to check for variability on time-scales of months; none was detected. We obtained 3f upper
limits with the conf task, after binning to at least 20 source-region counts and subtracting back-
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Figure 5.12: HV (top panel) and Fe II_5018 (bottom panel) velocity spectra, with epochs colour-coded identically
to Fig. 5.11.
ground, to the average Swift spectrum (from 2016 March 2 – June 1). Freezing all parameters to
the Chandra best fit except the normalizations, we obtained upper limits ≈2 times the Chandra best
fit values, meaning that the average X-ray flux from both components from March 2 through June
1 (sampled at roughly even intervals) was at most double the March 8-9 Chandra best fit. There
is no evidence for variability; the Chandra fit was consistent with both the average Swift spectrum
and the last month of Swift data (May 5 - June 1).
There was no evidence for X-ray variability within the Chandra observations either, although
with only about 5 source counts per kilosecond, the system again was not bright enough for strong
constraints. The model fit to the merged spectrum was consistent with both 25 ks March 8 and 9
spectra individually; following the same procedure used to constrain Swift variability, we found
that the soft component normalization varied by less than ±50% from the merged best fit and the
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hard component normalization varied by less than +100% and -75% from the merged best fit, be-
tween March 8 and 9 at 3f. Likewise, visual inspection of full-energy-band Chandra light curves
obtained with dmextract for a variety of time bins did not reveal any instances of variability in ex-
cess of the expected statistical noise. For that inspection, we estimated 1f errors using the Gehrels
(1986) Equation 7 upper margin with S=1, a standard option in CIAO; the average statistical un-
certainty for a single bin was 80%, 25%, and 15% of the source count rate for 1, 5, and 12.5 ks
bins, respectively. Finally, for each binning, we calculated the observed standard deviation of the
whole light curve and found it to be consistently 45-60% of these statistical uncertainties.
E X-ray fitting routine details
We used chi2gehrels statistics (low-count Poisson statistics from Gehrels 1986) and the mon-
car method on the background-subtracted spectrum. The moncar method (a Monte Carlo routine
that draws fit statistics for one variable at a time from parameter space, while allowing all other
variables to float to their best fit at that point in parameter space) was motivated by a non-parabolic
distribution of fit solutions in parameter space. To accommodate the extended, mildly bi-modal
spread of allowable solutions, we increased the calculated confidence intervals to 95% (∼2f) con-
fidence intervals, bracketing the solution spread by requiring a j2 at least 3.84 above the minimum.
The reduced j2a is a little high (1.6 at the best fit), but visual inspection of Fig. 5.3 suggests that
the fit suits the data and further model components are not motivated.
We checked our analysis against another common data reduction method, obtaining consistent
results10 when using a spectrum extracted from a larger 2.5 arcsec radius region and fitting from
0.3 to 10.0 keV.
The results for variability in observed flux between epochs, included in the main text, were
obtained as follows. We froze all parameters to the 2016 best fit except for the normalization of
the soft component, which was allowed to vary freely. When this frozen 2016 best fit was applied
10The best fits remained identical to within 1% for the soft component and 15% for the hard component, well within
the uncertainties. The only more substantial change was a 100% and 25% stretching of the upper bound margins for
the normalizations and for the hard component absorption, respectively, which does not impact our conclusions.
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to the 2013 spectrum, the soft component normalization had a 1f minimum of 0 and maximum
of 2.5 × 10−6 (best fit 1.5 × 10−6). This range includes results from binning to both 20- and
40- source-region counts per bin (the latter avoids bins with negative counts in the background-
subtracted spectrum, and gives our quoted best fit value). Trying to fit the background introduced
too many free parameters to be useful, but we did try a version of low-count Cash statistics (wstat
in Sherpa) on the un-binned background-subtracted spectrum and obtained a much smaller maxi-
mum. Similarly, when the frozen 2016 best fit was applied to the 2016 spectrum with Gehrels j2
statistics, the soft component normalization was 1.9+0.3−0.2 × 10
−5, almost independent of binning. In
this way, we obtained that between the 2013 and 2016 X-ray epochs, the observed soft component
flux increased by a factor of 13 (1f lower bound of 7).
For the inter-epoch variability in the hard component, an essentially identical method was
employed: freezing the soft component to the 2013 fit obtained in the last section, freezing all
hard component parameters except the normalization to the 2007 Stute & Sahai (2009) fit, and
additionally fixing the weak Gaussian emission line component included in the Stute & Sahai
(2009) model to have a normalization proportional to the hard component normalization.
Throughout the main text, observed X-ray flux and its derived quantities are quoted with rough
1f uncertainties from the fits with only 1 free parameter, while X-ray temperature and absorption
columns are quoted with rough 2f uncertainties from the fits with 5 free parameters.
F Optical loading constraints
X-ray telescopes are susceptible to optical loading, in which optical photons reach the detector
and masquerade as X-ray photons; red/infrared leaks can let optical light through the shielding.
Symbiotic stars are particularly dangerous; not only do they contain bright cool giants with high
red/infrared flux, they also contain colliding winds that produce soft X-rays with about the same
energies as optical loading typically produces. Fortunately, the leaks and detectors on Swift and
Chandra are well-enough characterized that we can check whether optical loading is an issue for
any given object; here, we do so for MWC 560.
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We ruled out optical loading in our Chandra observations. The Chandra optical leak is between
the I and J bands. On the S3 chip, for sources dimmer than 5 magnitudes in those bands, no more
than ∼ 1 contaminant ADU appears on the brightest pixel per frame, much less than the ≈ 20 ADU
pixel−1 required to be interpreted as an event count and much less than the 13 ADU pixel−1 split
threshold used for event grading; also, the 0.004 keV energy of an ADU is not enough to change
the energy of real events significantly11. The J band magnitude of MWC 560 is about 6.5 (Meier et
al. 1996), and I band magnitudes around 8 were recorded by the AAVSO during the 2016 outflow
fast state (Kafka 2017).
It is interesting to note that optical loading on Chandra could be a very important issue for those
symbiotic stars with I and J magnitudes brighter than -0.4, especially any observations taken on
the S3 chip with a standard frame length early on in the life of the Chandra mission. As of 2006,
that magnitude corresponded to the split threshold. Over time, Chandra’s filter has developed a
thickening layer of contaminants that has helped plug the red leak; there is some evidence that it
now takes a much brighter source to reach the split threshold, though these new tests have not yet
been formally characterized (Chandra help desk 2017, private communication).
We estimated the optical loading in Swift XRT using the online tool provided by Swift12, which
required us to choose a T4 5 5 and M1>;-ME for the source, and we adopted T4 5 5 =3330 K and M1>;-
ME=-2.15. A PC-mode XRT count threshold of 10−4 counts s−1 yield a V band threshold of 9.7
magnitudes, so the giant is dim enough not to cause optical loading on its own. The outflow fast
state accretion disc is typically much bluer, and probably not an issue (the same threshold for a B0
star is V=8.6). However, the fast state accretion disc colour is not especially well characterized,
particularly longer than 8000Å. So we cannot totally rule out optical loading in the Swift XRT,
especially during the brightest phases of the 2016 high state. Fortunately, our uncertainty on this
point is not of great concern, because we only used the Swift XRT to check for variability (of



































Figure 5.13: Optical spectra of MWC 560 used to calculate luminosities: the brightest outflow fast state spec-
trum (2016 Apr 3; thick blue-green line), a quiescent state spectrum (2015 Mar 10; thin black line) typical for the
present decade, and the Case M5 giant template from Fluks et al. (1994) scaled by eye to match the red side of the
quiescent spectrum (textured magenta line). The MWC 560 spectra are corrected for extinction with E(B-V)= 0.15
(Appendix A). The differing spectral slopes are primarily due to the additive contribution of the giant, which has a
smaller fractional contribution during the outflow fast state. Only low-resolution spectra are plotted here, decreasing
the prominence of narrow metal emission lines.
G Estimating the accretion luminosity
To estimate the accretion disc luminosity at the 2016 peak and during quiescence, we took
our spectra from 2016 April 3 (the brightest spectrum) and 2015 March 10, and dereddened them
by E(B-V)= 0.15 (Appendix A) with a Fitzpatrick & Massa (2007) reddening model using K.
Barbary’s extinction python code13. We then took the Case M5 RG template (Fluks et al. 1994)
and scaled it by eye to match the red side of the quiescent spectrum (which leads to the smoothest
residuals in both spectra), then subtracted this constant RG spectrum from the observed spectra
before integrating the optical luminosity. The pre-subtraction dereddened spectra and the scaled
RG template are shown in Fig. 5.13.
Our best guess accretion rate for the 2016 peak is 6 ×10−7 (d/2.5 kpc)2 (R / 0.01 R) (0.9 M/
13https://extinction.readthedocs.io/en/latest/index.html
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M) M yr−1, obtained as follows. The peak optical (3300–7930Å) luminosity in the 2016 outflow
fast state was about 1100 L (d/2.5 kpc)2. The peak Swift NUV flux (2100–2870Å) was about 70
L (d/2.5 kpc)2, but judging by the shape of the NUV spectrum (see § 5.3.4), we suspect that the
intrinsic unabsorbed 1200–3300Å range had a luminosity similar to the April 29 NUV+FUV IUE
spectra, or about 730 (d/2.5 kpc)2 L. Our total peak accretion disc luminosity is therefore about
the same as that of the 1990 outburst (Tomov et al. 1992; Schmid et al. 2001).
We estimate a quiescent accretion rate minimum value of about 1 × 10−7(d/2.5 kpc)2 (R / 0.01
R) (0.9 M/ M) M yr−1. This comes from about 205 (d/2.5 kpc)2 L observed from 3300–
7930Å in our RG-subtracted optical spectrum from 2015 March 8, 65 (d/2.5 kpc)2 L observed
from 1200–3300Å in the 1993 February 23 SWP and LWP spectra observed by the IUE during
a quiescent period with similar optical flux, and an estimated 30 (d/2.5 kpc)2 L absorbed by
the Fe II curtain. We ignore the possibility that up to half the luminosity could be emitted by
the boundary layer in the extreme-ultraviolet and not re-emitted, which if true would double our
estimated accretion rates.
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Until recently, direct detections of the accretion disks in symbiotic stars have been rare. For
example, in over a century between the discovery of symbiotic stars and 2020, there were only 10
or 11 reports of optical accretion disk flickering. This state of affairs is now changing rapidly. In
Chapter 2 and Chapter 3 (summarized in § 3.4), we presented a new way to find symbiotic stars
with uvg colors and a method of detecting optical flickering through survey photometry. Our pilot
survey uncovered 22 previously-unknown symbiotics and symbiotic candidates, including 4 with
flickering. The same technique also revealed flickering in V1044 Cen, which has been known
as a symbiotic star since 1968 but had never before been shown to flicker. We also presented a
248-page atlas of SkyMapper outliers’ optical spectra and their locations in SkyMapper parameter
space, as a resource for future improvements to our search design. In Chapter 4 (summarized
in § 4.5), we turned to MWC 560, a well-studied symbiotic in which optical flickering was first
detected in 1984. We used decades-old archival data to reveal the presence of high-ionization lines
in the famous broad absorption line outflow of MWC 560. We proposed the existence of a class of
broad absorption line symbiotics (including prototypes MWC 560, AS 304, Z And, and CH Cyg),
which could be studied as faster-timescale, nano-scale analogs of broad absorption line quasars.
In Chapter 5 (summarized in § 5.5), multi-wavelength coordinated monitoring led us to the idea
that the accretion disk/outflow relationship in MWC 560 can be self-regulatory, resembling in
some ways the roles of outflows in X-ray binaries. Comparing the accretion rate peaks of 2016
and 1990, we think that the outflow acts as a release valve to inhibit accretion state changes, and
at other times facilitates inner disk evacuations through discrete mass ejections when the disk is
changing too abruptly to maintain balance.
I will end, finally, on some thoughts for the future.
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First, an assortment of small ideas:
i. The most obvious direction to go from here is to repeat our pilot survey on a larger scale in
future SkyMapper—and eventually MEPHISTO—data releases as they delve deeper into the
Galactic plane, focusing-in on regions of parameter space where we had high success rate
and making some improvements. For example, it would help to have more nuance about the
deterioration of the color-color diagram towards dimmer u magnitudes, by evaluating outlier
scores multiple times in a grid of magnitude ranges (e.g., u = 11–16, 11–16.2, 11–16.4, and
so on). We also have enough object labels to consider testing if supervised machine learning
can find patterns that we cannot, to help us venture from the mostly-symbiotic zone into the
abrupt cliff in source density in our bright color-color diagram.
ii. Our work is a pathfinder for both MEPHISTO (Yuan et al. 2020, which brings the SkyMap-
per filter set to the northern sky) and and the Rubin Observatory’s Legacy Survey of Space
and Time (LSST). The LSST cadence, and perhaps also the MEPHISTO cadence, is not
currently planned to contain any repeat visits within a filter sequence (LSST Science Col-
laboration et al. 2017), but this could change, and perhaps our discovery that SkyMapper’s
uvgruvizuv sequence can uncover real flickering could help make the case for such a change.
In any case, expanding the sample of southern flickering symbiotic stars will enable us to
see what these objects have in common in LSST data, and find more in that way. Both LSST
and MEPHISTO can also track the color-color properties of symbiotics in real time as they
evolve over the years, to establish the duty cycle with which they are in the mostly-symbiotic
zone in color-color diagrams, and thereby enable completeness calculations that could help
evaluate symbiotics as a Type Ia supernova progenitor channel. Color-color tracking for
objects like MWC 560 and CH Cyg could also help us figure out if there is some kind of
X-ray-binary-like hysteresis in their disk/outflow relationship.
iii. At some point in the future, MWC 560 (Chapter 4, Chapter 5) will have SkyMapper Main
Survey data, as will the remainder of the southern flickering symbiotics. This will give us a
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much better idea of the full range of flickering symbiotics’ locations in parameter space, and
perhaps enable us to find MWC 560 2.0. As more of the old and new flickering symbiotics
get 2 Main Survey filter sequence visits, we can also look at how often a filter sequence
achieves a flickering detection in objects known to flicker, finally enabling us to start evalu-
ating the completeness of the optical flickerers in a realistic way. We could also use CVs to
test this.
iv. In SkySy 1-12 and SkySyC 1-4, we have the two southernmost symbiotic stars ever found.
SkySy 1-12 is burning, but SkySyC 1-4 could be accreting-only. This offers an intriguing
possibility: in seasons of near-permanent night in Antarctica, extremely long, continuous
light curves could be obtained that would be ideal for examining the accretion disk structure
through optical flickering. Optical telescopes can be difficult to keep in good working order
in Antarctica, but it is possible (Ma et al. 2020). In principle, we could simply park an
Antarctic telescope on SkySy 1-12 (to test the theory that burning symbiotics do not flicker)
and SkySyC 1-4 (if more normal follow-up observations show that it is a flickering symbiotic
star).
v. We need to obtain a spectrum of the luminous red object closest to Hen 2-104 (the Southern
Crab) in our color-color diagram; if it happens to be symbiotic, it could help us understand
the connection between symbiotics and post-AGB stars. We should also obtain a short-
wavelength spectrum of the Southern Crab, to investigate the Balmer jump that our u-v color
suggests should be interesting. The M star + hot star superpositions in our spectral atlas
also warrant more attention, in particular to determine if any of them are symbiotic stars in
thermonuclear outburst.
vi. There is more work to be done in searching for broad absorption line symbiotic stars (Chap-
ter 4). Carlson (1968) reported blueshifted absorption lines in V1044 Cen, which we found
to be flickering in Chapter 3. These seem to have been low-velocity, and they could have
been signatures of a thermonuclear outburst, but they are worth investigating with higher
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resolution. My investigation of archival IUE reveals broad absorption in the high-ionization
far-UV lines of the UV-flickering (Luna et al. 2013) symbiotic NQ Gem. An HST spectrum
could determine whether that broad absorption is persistent or transient. And in fact, I sus-
pect that HST spectra of all the new and old optically-flickering symbiotics would offer a
wealth of information—both with regard to finding broad absorption line outflows, and test-
ing if these often “weakly symbiotic” stars have high-ionization lines in the FUV, as is the
case for Mira (Belczyński et al. 2000).
vii. We have some additional SAAO B-band light curves on our SkySy and SkySyC that have
yet to be reduced. We had been separately awarded time on the SAAO 1.9m to obtain light
curves on our dimmer targets, but during the pandemic the instrument on the 1.9m was
stuck on SpUpNIC. We obtained optical spectra of more targets using some of this time
(presented in Chapter 2), and traded a portion of it for photometry on the SAAO 1-meters.
This photometry was obtained at the SAAO 40-inch and Lesedi telescopes, and included
a B-band light curve of SkySyC 1-4, along with additional supplementary light curves of
SkySy 1-2, 1-4, 1-6; SkySyC 1-1, 1-10; and V1044 Cen.
viii. There is a Swift UVW2 light curve of SkySy 1-11 obtained through our program and an
archival Swift UVM2 light curve of V1044 Cen that have not yet been reduced, in which we
can search for flickering.
ix. Could metrics similar to SkyMapper rapid Δu be used to uncover longer-timescale IR accre-
tion disk variability in, for example, accretors from blue supergiants?
x. Consistent monitoring of the growing sample of accreting-only symbiotics could lead to the
detection of new recurrent novae.
Finally, what do we do with the sample of optically-flickering symbiotics that we are building?
Our flickering SkySy may be particularly well-suited towards using flickering to obtain physical
properties of the accretion disk, since at first glance SkySy might flicker with a larger amplitude
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than the Munari et al. (2021) GaSS. And it is easier to obtain a long optical light curve than a long
UV light curve, which may make the flickering SkySy more suited to this particular task than the
UV flickerers in Luna et al. (2013). The flickering SkySy could perhaps even flicker to some degree
in the much redder filter of TESS,14 which would enable us to obtain excellent power spectra of
the variability.
These properties suggest an interesting application of our sample. Symbiotics are proto-
type laboratories for Bondi-Hoyle-Lyttleton (BHL) wind accretion and wind-Roche lobe overflow
(wind-RLOF)—the latter being a hypothetical hybrid mechanism of binary mass transfer for sym-
biotic stars (Mohamed & Podsiadlowski 2007) and some X-ray binaries (El Mellah, Sundqvist, &
Keppens 2019) in which the mass-losing cool giant’s Roche lobe is filled by its slow wind. These
mass transfer mechanisms are likely a function of donor type, since the rate of windy mass loss
from a giant and the degree to which the giant fills its Roche lobe depend on its evolutionary state
(Boffin et al. 2014). An open question is whether the size, stability, and structure of the accre-
tion disk is affected by the mass transfer mechanism. Applying a model such as that of Scaringi
(2014) to power spectra derived from longer light curves of our flickering symbiotics could reveal
constraints on the size and viscosity of the disk. This would enable us to provide feedback to wind-
RLOF theories, by identifying whether accretion disks in wind or wind-RLOF systems structurally
resemble those in RLOF systems. And by developing a thorough understanding of the full range
of symbiotic star accretion disks, we could enable the first detailed structural comparison between
symbiotic and protoplanetary disk accretion—helping to determine whether symbiotic stars really
are capable of hosting second-generation planet formation as suggested by Perets (2010).
In biological symbiosis, it is not always clear where one organism ends and the other begins.
This was certainly true in the early days of symbiotic star studies, when it was not clear whether
a symbiotic star was a binary or some kind of singular chimera. But even as the parasitic nature
of symbiotic stars’ symbiosis has become better defined over the last century, we still have trouble
seeing where the cool evolved star ends and the accreting companion begins, and how the interac-
14Initial tests suggest that MWC 560 does, but more typical flickerers with lower amplitudes and lower accretion
rates were not available from TESS when I checked in early 2021.
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tion changes them both. With optical accretion disk flickering available from a growing number of
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